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Abstract
Crude oil spills on a sea surface can cause severe and immediate damage to marine
life, as well as long term damage to the aquatic ecosystem. Current response methods
for maritime oil spill remediation are twofold: The first are the use of floating barrier
booms to confine and thicken the spill slick to smaller areas, where they can be
subsequently removed by mechanical skimming or in-situ burning. The second are
the use of dispersants which are aerially sprayed onto the slick to emulsify the slick
through wave action into smaller droplets that can be dispersed through the water
column for degradation. However, neither of those methods serves as a perfect solution
for oil spill remediation. Booms are difficult to deploy while dispersants retain the oil
in the ecosystem for extended periods of time.
This thesis studies chemical herding as an alternative methodology for the remediation of oil spills on the sea surface. In chemical herding, surfactants are used as
chemical herders to draw the slick upon itself to a reduced area and a large thickness
so that it can be burned or skimmed. The herding surfactants are aerially sprayed
onto the sea surface around the periphery of the oil slick, where they form a monolayer which reduces the air/sea tension (increases the surface pressure) at the slick
edge. This reduction causes an imbalance of interfacial forces and forces the oil spill
to retract to a thicker slick with smaller areas. While chemical herding has been
part of the arsenal of methodologies intended to be used to remediate oil spills, the
method suffers from two key drawbacks which prevent its wide spread use: The most
effective surfactants used to date which are on the U.S. EPA National Contingency
Plan for herding are the hydrocarbon surfactant, sorbiton monolaurate (Span 20 or
Thickslick 6535) and a polydimethylsiloxane polymer surfactant (OP-40). OP-40,
because of its polymeric nature, has the potential to bio-accumulate and is therefore
not eco-firendly. In addition, neither of these surfactants work particularly well in the
presence of seas with surface waves and this drawback is the principle reason herding
has not been used extensively.
The scope of this proposed research is to study two new surfactants as potential
3

herding agents. These herding surfactants are phytanic acid, an isoprenoid fatty acid
with methyl branches along its hydrocarbon chain and a carboxylic head group, and
monogalactosyldiacylglycerol (MGDG), a glycolipid with unsaturated hydrocarbon
chains and a galactose head group. They are chosen for three basic reasons. Both
are found in the chloroplasts - the organelles in plants responsible for photosynthesis
- and are therefore in abundance in aquatic life and naturally eco-friendly. Second,
they are relatively insoluble and hence their ability to herd should remain steadfast as
they have very limited solubility in the water column. Third, unlike other insoluble
surfactants with straight hydrocarbon chains and smaller polar groups form liquid
rather than solid states which may allow them to be more resilient and stable under
wave action.
The goals of this thesis are twofold: The first is to understand how effective phytanic acid and MGDG are at herding under calm sea conditions. Surface pressure
measurements are undertaken on Langmuir troughs to study the surface pressures
they can develop and these pressures are found to be large enough to herd oil. The
molecular structures of the monolayers are studied using atomic force microscopy on
films transferred to solid substrates. Direct measurements of the structure are undertaken by x-ray reflectivity. Second, small scale pan experiments are undertaken to
record their effectiveness at compressing a crude oil spill. In each of these cases, the
effect of ions in the subphase is investigated to reproduce sea water conditions. The
second goal is to identify the important surface properties a surfactant herder must
have to be effective at herding under wave action and to examine how effective these
eco-friendly surfactants are with regard to these properties. Two surface properties
are identified: The first is the intrinsic dilatational viscosity of the monolayer, as
large dilatational viscosities can act to dampen wave energy so that the monolayer
can remain intact. The surface dilatational viscosity of these monolayers of phytanic
acid and MGDG are measured using a pendant bubble tensiometer and are shown
to be relatively large. The second property is the ability of the surfactant herders
to bind to the natural water soluble polysaccharides present immediately underneath
the sea surface (the sea surface microlayer). The polysaccharides are in abundance in
this micro layer as extrudated products of marine organisms in the layer, and upon
binding to the herding monolayer can form more durable layers with potentially large
dilatational viscosity. A representative negatively charge polysaccharide present in
the microlayer, 𝜆 carrageenan, is used. Surface pressure measurements show that
these herders bind effectively to this polysaccharide, presumably either through hydrogen bonding (MGDG) or electrostatic binding through divalent coupling of cations
present in the sea surface (phytanic acid). The dilatational viscosity is found to increase. X-ray reflectivity is used to measure the binding of the carrageenan to one
herder, MGDG, and significant recruitment of the carrageenan to the monolayer is
found. Finally, the herding action of the MGDG monolayer, under subphases of the
carrageenan polysaccharide are examined in pan-scale experiments.
Thesis Supervisor: Charles Maldarelli
Title: Professor, The City College of New York
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Chapter 1
Introduction and literature review of
maritime oil spill remediation

1.1

Introduction

The British Petroleum oil spill in the Gulf of Mexico, and the resulting damage to
marine life and the coastal shoreline as the spill could not be quickly and effectively
contained and remediated, serves as a reminder that our fragile aquatic ecosystems
are not well protected from such accidents. Continued off-shore drilling in the Gulf
as well as the exploration for crude oil reserves in the Arctic, has served to draw
strong public, industrial and government attention to developing effective methods
for containment and remediation in the event of a maritime oil spill. To date, the two
principal spill response methods are the use of floating barrier booms [1] to encircle
and contract the spill to a thicker slick of smaller area, so that it may be removed
by mechanical skimming or in-situ burning, and the aerial spraying of dispersants
[2] onto the spill to cause the oil slick to emulsify into small droplets that are carried
away from the site or are broken down by microbes. Taken together they are an inadequate toolbox: Booms are difficult to deploy, and dispersants do not really remove
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the oil from the marine biota, and the effect of currently used dispersants on marine
life is under dispute. Moreover, difficulties in remediating an oil spill under wave sea
situations remain unsolved with the current two methods.

The focus of this research is to study a third relatively less studied method for maritime oil spill remediation, the chemical herding method. In this method, surfactant
is used as a chemical herder and is aerially sprayed around the periphery of the oil
slick, to lower the large surface tension of the air/sea surface uncontaminated by the
oil. The reduction in the surface tension (increase in surface pressure) causes the
floating oil layer to retract and thicken to the point at which thickness of the oil slick
are ≈ 3-5 mm, where it can be ignited, and the oil slick eventually burned off. The
two currently used chemical herders are the hydrocarbon surfactant Thickslick 6535
and the polydimethylsiloxane polymer surfactant OP-40. They have proved effective
for oil spill response on calm water surfaces. However, their performance under wavy
ocean surface has been shown to degrade significantly. Besides, they (particularly
OP-40) have the potential for bioaccumulation in the marine biota [3]. The demand
of a new class of eco-friendly chemical herders which are persistent on wavy ocean
conditions motivates this research.

The overall goal of this research is to identify two new classes of eco-friendly herders,
phytanic acid, an isoprenoid fatty acid with methyl branches along its hydrocarbon
chain (the phytanyl tail), and monogalactosyldiacylglycerol (MGDG), a glycolipid
with unsaturated hydrocarbon chains and a galactose headgroup. As we explain in
more detail below, they were initially chosen for three basic reasons. Both are found
in the chloroplasts - the organelles in plants responsible for photosynthesis - and are
therefore in abundance in aquatic life and naturally ecofriendly. Second, they are
relatively insoluble and hence their ability to herd should remain steadfast as they
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have limited solubility in the water column. Third, unlike other insoluble surfactants
with straight hydrocarbon chains and smaller polar groups, these monolayers form
liquid rather than solid states which may allow them to be more resilient and stable
under wave action.

Experimental investigations of the effects of the methyl branched phytanyl alkyl functional group group of phytanic acid on its interfacial properties at the water/air interface and the polar galactose group size of MGDG as well as the degree of unsaturation
in its double chain are carried out in pure water and artificial sea water. Their behavior on artificial sea water is studied to parallel conditions on the sea surface, and
opens up the questions of how cations affect the interfacial behavior. The ability to
lower the high surface tension of the water/air interface of each surfactant is studied
on a Langmuir trough under different subphase conditions (water and artificial sea
water) and different pH values (the pH of sea water is typically alkaline, pH ≈ 8). The
morphology of the monolayer formed by the surfactants obtained through Langmuir
Blodgett transfer is studied from their AFM images. Dilatational viscosity of the
monolayer is obtained through an oscillating pendant drop tensiometer to study its
persistency under wave action. Monolayers of high dilatational viscosity can dissipate
wave action and therefore can show higher stability and persistency on wavy ocean
surfaces. Finally, a pan (15 inches by 15 inches) oil spill remediation experiment is
built in lab scale to illustrate the effect of different chemical herding formulations on
retracting oil slick at water/air interface.

In addition to measuring the interfacial properties of these surfactants for chemical herding, this study investigates the ability of the surfactant herders to bind to
the natural water soluble polysaccharides present immediately underneath the sea
surface (the sea surface microlayer). The polysaccharides are in abundance in this
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microlayer as extrudate products of marine organisms in the layer, and upon binding to the herding monolayer can form more durable layers with potentially large
dilatational viscosity. A representative negatively charge polysaccharide present in
the microlayer, 𝜆 carrageenan, is used. Surface pressure measurements show that
these herders bind effectively to this polysacsharide, presumably either through hydrogen bonding (MGDG) or electrostatic binding through divalent coupling of cations
present in the sea surface (phytanic acid). The dilatational viscosity is also found to
increase. X-ray reflectivity is also used to measure the binding of the carrageenan to
one herder, MGDG, and significant recruitment of the carrageenan to the monolayer
is found. Finally, the herding action of the MGDG monolayer, under subphases of
the carrageenan polysaccharide are examined in pan-scale experiments.

1.2
1.2.1

Chemical Herding For Oil Spill Remediation
Spreading Dynamics of An Oil Spill

An oil spill is shown pictorially in Fig. 1-1(a) and the interfacial forces at the periphery of the slick is shown as a schematic in Fig. 1-1(b). Oil spreads rapidly over the
sea surface because the tension of the air/sea interface, 𝛾 𝑠𝑒𝑎
𝑤 is much larger than the
sum of the air/oil (𝛾𝑜 ) and oil/sea (𝛾𝑜,𝑤 ) tensions at the slick periphery. The interfacial chemistry of the air/sea surface and the spilled oil/sea surface are particularly
important in understanding how oil spreads on the sea surface and in implementing
remediation efforts to remove the oil, and we describe these interfaces briefly.

Water, prepared at the salinities of the typical maritime waters (typically in the range
of 15- 30 PSU (practical salinity units) is ≈74-75 mN/m at room temperature, and is
larger than DI water (≈ 71-72 mN/m) because of the salt content. However, like all
natural waters, the maritime sea surface is covered by biofilms, monomolecular or mul24

(a)

(b)

Figure 1-1: (a) An oil spill at sea. (b) The imbalance of forces at the contact line draws the oil out
as the air/water tension is much greater than the sum of the oil/water and oil/air tensions. Natural
amphiphiles from the crude adsorb at the oil/water interface and a biofilm of amphiphiles from the
sea surface microlayer is at the air/sea surface.
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tilayer films made of amphiphilic (surfactant) biomolecules. The boundary between
the atmosphere and the bulk hydrosphere of the sea (the sea surface microlayer) is a
complicated environment with an aquatic chemistry and ecosystem that differs from
the fluid layer immediately underneath (the subsurface water, 1-100 mm in depth).
The sea surface microlayer consists of high molecular weight biogenic macromolecules
- polysaccharides, proteins - and colloids, including microgel particles (Transparent
polysaccharide Exopolymer Particles or TEPs), which all contribute to giving the
layer loosely hydrated, gelatinous consistency. The surface tension between air and
the sea surface microlayer is determined by the natural, aquatic marine surface active molecules which are present in the sea surface microlayer. Those surface active
molecules are mainly aquatic surfactants which are typically produced as extrudates
of marine organisms (e.g. phytoplankton, bacterioplankton and zooplankton), and
can be low molecular weight species (e.g lipids, glycolipids and fatty acids) and higher
molecular weight molecules, proteins and hydrophilic polysaccharides conjugated to
proteins and lipids to make them amphiphiles. Amphiphiles are molecules with nonpolar (tail) and polar, hydrogen bonding groups, which adsorb at air/water interfaces
and reduce the surface tension. The surface active biologicals of the sea film are
phospholipids, biological acids, etc. that adsorb from the sea surface microlayer (the
uppermost tens to hundreds of 𝜇ms of the sea surface). These natural surface films
are persistent, even in the presence of wave and wind action, and reduce the sea surface tension to typically ≈ 55-65 mN/m. Marine surfactants films or sea slicks play a
significant role in modulating physical exchange process across the air-sea interface,
including mass, heat, and momentum transfer. Sources of surface-active organic matter(SAOM) are varied and include primarily phytoplankton, zooplankton and their
degradation products[4]. Sea surface films are, therefore, complex mixtures of surfaceactive compunds spanning a wide range of polarity, molecular weight and chemical
structure. As multicomponent systems, microlayer films exhibit a more complex rhe-
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ological response to surface straining than monolayers of single pure compounds. The
crude oils which spill on the sea surface during a maritime accident are predominantly
a mix of nonpolar molecules - saturated and unsaturated aliphatics (e.g. waxes and
parafin), and aromatics. Crudes also contain amphiphilic molecules - e.g. resins,
naphthenic acids and asphaltenes (flat sheets of polyaromatics with aliphatic side
chains at the edge of the sheets).[5, 6, 7, 8, 9]
While the specific composition of the crude depends on its origin, in general, due
to the adsorption of the native surface active species, oil/water tensions of a crude is
less than pure hydrocarbons/water tensions (≈ 40-50 mN/m), and are typically in the
range of 15 - 25 mN/m[10]. The crude oil/air interface is less sensitive to surfactant
adsorption, and this tension is approximately the same as those of pure hydrocarbons,
and is in the range of 15-25 mN/m. Thus tensions are not balanced at the periphery
even in the present of the biofilm surrounding the slick as 𝛾 𝑠𝑒𝑎
𝑤 > 𝛾𝑜,𝑤 + 𝛾𝑜 and this
imbalance is the major reason why crude oil spreads so quickly once it is spilled on a
sea[11, 12, 13]. However, at the early stages of spreading, gravitational flatenning also
assists, and wave action and wind convection continually act to spread and flatten
out oil spills. After the spill, the oil weathers, and light volatiles evaporate increasing
the viscosity of the slick and slowing the spreading process.

1.2.2

Current Methods for Oil Spill Remediation: Containment Methods and Dispersants

To date, the principal methods which have been used for containment and remediation in the response to an oil spill are the use of booms and dispersants (Fig.1-2).
Booms[1] (Fig.1-2(a)) are floating barriers deployed by vessels around the spill for
containment, and which can be maneuvered by towing to sweep the crude into a
smaller area and thereby increase the thickness of the oil layer. Booms consist of a
floating module which sits on the surface and is connected to a skirt below the water
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Figure 1-2: Methods for maritime oil spill remediation. Boom: (a) A boom encircles the spill and
is towed to gather and thicken the oil layer.(b) When the thickness exceeds a critical value(≈2-3mm)
the oil can be burned or skimmed off of the surface. Dispersants: (c) Surfactant blends delivered in
an organic solvent are arially applied to the spill an dissolve in the oil. (d) The surfactant migrates
to the oil/water interface where it lowers the interfacial tension, allowing wave action to emulsify
the oil to be degraded or removed from the site by currents.
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to contain the oil and a board above the water to block oil splashed by waves from
going over the barrier. Once corralled to thickness of approximately 2-3mm or larger
[14], the spilled oil can be mechanically removed by skimmers which suction the oil
off of the surface, or ignited and burned if fire containment booms are used (Fig.12(b)). Alternatively, for small spills, adsorbent sponges and pads can be used. While
corralling followed by burning or skimming removes the oil from the ecosystem, the
boom operation itself is intensive, and in particular is not suitable for arctic spills in
floating ice environments. In addition, corralling is limited to calm sea conditions, as
large wave heights can shift the skirt out of the water, and allow oil to spread under
the barrier.

Remediation by the use of dispersants (Fig.1-2(c))[2] relies on spraying droplets of
surfactant blends, dispersed in an organic solvent, onto the spill. The solvent is designed to facilitate the dissolution of the surfactant into the oil phase. The current
class of dispersant use blends of nonionic very oil soluble surfactants(eg. Span 80,
sorbitan monooleate) and an anionic surfactant(Aerosol OT (dioctyl sodium sulfosuccinate)) dispersed in a solvent of crude oil distillates and 2-butoxy-(1-methylethooxy)
propanol. Dispersants take advantage of the fact that sea waves act to mix and emulsify the oil into droplets. The surfactant added to the oil is required to reduce the
tension 𝛾 𝑜𝑤 of the oil/water interface as this interface is created as oil droplets by
the emulsifying action of the sea waves (Fig.1-2(d)) so that a fine emulsion can be
created.

1.2.3

Chemical Herding for Maritime Oil Spill Remediation

Chemical herding[15, 16, 17, 18], the subject of this research, is a promising, though
not as well studied and utilized response technology for maritime oil spill remediation.
In chemical herding (Fig. 1-3(a)) surfactants are aerially sprayed directly on the sea
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water around the spill. The herder reduces the tension of the sea surface at the oil
slick periphery, causing the oil to contract on itself and thicken so that it can be
burned in situ (Fig. 1-3(b)). Experiments have demonstrated that effective herders
reduce the air/sea tension in the range of 30 mN/m. Relative to the two more widely
used oil response methods, mechanical boom containment followed by skimming[19],
or the use of surfactant dispersants[20, 21, 22, 23, 24] to emulsify and disperse the oil
through the water column, chemical herding has the potential for less chemical consumption (relative to dispersants), and a faster and more thorough removal of the oil
from the ecosystem. Chemical herder formulations were first investigated in the early
1970’s by Garrett and Barger for the US Navy[15], as a method to thicken slicks for
recovery by skimming. These early efforts used the nonionic, slightly water soluble,
sorbitan monolaurate, Span-20, in an ethyl 1-butanol applicator (denoted as USN
herder or THICKSLICK, Fig. 4-1(c)), which lowered the air/water surface tension
to approximately 30 mN/m. These studies identified a significant potential problem
with herding: With time, and even with limited solubility, herders tended to desorb
into the water column which caused the tension to increase and the oil to spread
back. For using herding for skimming operations, the tension reduction and effective
herding was not long enough to complete the skimming operation. If the herder was
soluble in the water, it would desorb into the water column, causing the tension to
increase and the oil to spread back. Advances in technology for controlled in situ
burning has made this tool a viable alternative to skimming, and since burning is
completed in a much shorter time than skimming, significant attention has refocused
on herding. This interest is also due in part to its potential applications in Arctic
environments where skimming is difficult to employ. Buist at SL Ross Environmental
Research and Nedwed at the ExxonMobil Upstream Research Co.[16, 17], report a
multiyear (2004-2011) set of laboratory “pan scale” tests (surface areas 𝒜 <1 m2 )
and large tank experiments (𝒜 =102 m2 -103 m2 ) that have demonstrated the effec-
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Figure 1-3: Chemical herding for oil spill remediation: (a) A surfactant is sprayed by air around
the oil spill forming a monolayer at the air/water interface of the sea. (b) The reduction in the
air/water tension 𝛾𝑤 causes the oil layer to contract as the air/oil and oil/water tensions pull back
on the slick and the spreading coefficient becomes less than zero. (c) Class of current herders include
USN (THICKSLICK 6535) and a siloxane polymer surfactant, OP-40.
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tiveness of the USN formulation in routinely thickening oil slicks to the thicknesses
required for incineration, and maintaing this value for the few to several minutes required to incinerate the oil. Most recently this same group has investigated siloxane
polymer surfactants as chemical herders (OP-40, Fig. 4-1(c)), and these were shown
to outperform the USN hydrocarbon herder, but as synthetic, polymeric surfactants
it is anticipated that they will degrade slowly in the environment, and their effect on
marine biota with regard to bioaccumulation is suspect[3].
Aside from their effect on the environment, a major issue with regard to the
effectiveness of these surfactants with regard to herding oil is their ability to operate
inder conditions in which the sea surface is not smooth, but disturbed by surface
waves. As shown in Fig. 1-4 surface waves - both rolling and breaking waves - tend
to break-up the herding monolayer. The break-up can be attributed to large area
expansions which reduce the surface concentration of the monolayer to critical low
values where it is no longer cohesive and cannot reestablish itself after the wave passes,
or area compressions to critically low values where the surfactant is forced to form
multilayers which do not re-expand to a monolayer when the wave passes. The limited
studies on the effect of waves on herding demonstrate that the USN (THICKSLICK)
and OP-40 herders are not particularly effective in the presence of wave action, and
herding is not recommended under these sea states.

1.3

Scope of Research

The overall goal of this research program is to identify highly effective, eco-friendly
(green) surfactants to be used for chemical herding in the event of a maritime oil
spill. We particularly tailor our studies to conditions characteristic of temperate climate waters, but the new herders we develop are applicable to herding under colder
conditions. From the review above it is clear that effective oil herding requires the sur32

Figure 1-4: The effect of a rolling wave on breaking up a monolayer compressing an oil slick.

factant to have three important properties: First, the surfactant should significantly
reduce the sea water surface tension so that it can retract the oil slick, including
an ability to penetrate into the surface films formed at the sea surface microlayer.
Second, effective herders require a very limited solubility in water so that surfactant
monomolecular layer do not desorb into the water. In this way, the sea water tension
remains low, and the herder has time to sufficiently thicken the oil so that it can be
burned (or skimmed). Third, the herding surfactant should be able to form stable
monolayers whose herding action remains steadfast under sea conditions in which the
sea surface is not calm but more turbulent due to wave action.

To fulfill all three requirements, two potential candidates come into our vision, phytanic acid Fig. 1-5(a), a fatty acid with a methyl-branched isoprenoid tail (phytanyl
group) and MGDG (monogalactosyldiacylglycerol) Fig. 1-5(b), a galactolipid with
unsaturated chains and a galactose headgroup. These molecules are ecofriendly, as
the naturally occurring components of the thylakoid membrane of the chloroplasts of
plants. They have very limited solubility in water due to their large hydrocarbon tails,
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and as our study will demonstrate they the can develop large surface pressures capable
of strong herding. With regard to their ability to function under wavy sea conditions,
we demonstrate that monolayers of these amphiphiles have large dilatational viscosities which act to dissipate wave action and exist in liquid rather than solid states
which make them more resilient to remaning intact during wave action. The studies
are undertaken under subphases of pure water and artificial sea water (at varying pH)
to imitate conditions on a real sea surface. We also demonstrate using surface pressure and x-ray reflectivity measurements that these monolayers can bind to the sea
polysaccharides naturally present in the sea surface microlayer, which increases their
surface pressure and stabilizes the monolayer to the disrupting effects of wave action.
For these studies a representative sea polysaccharide, 𝜆 carrageenan is used. Pan
scale chemical herding experiments are undertaken to demonstrate the exceptional
herding ability of these monolayers over pure water, sea water and polysaccharide
subphases.

An outline of this thesis is as follows.
1. Chapter 2 details the interfacial properties of phytanic acid monolayers at the
air/water interface (surface tensio lowering ability, dilatational viscosity and
molecular structure from atomic force microscopy of transferred films), and focuses on the effect of the methyl branched isoprenoid group on these properties
by comparing the properties to the straight chain analogue, palmitic acid. Experiments of palmitic acid and phytanic acid are done over pure water and
artificial sea water subphases under acidic (pH 3), neutral (pH 5.5) and basic
(pH 9) conditions.
2. Chapter 3 details the interfacial properties of MGDG monolayers a the air water
interface, again studying their surface tension lowering ability and their dilatational viscosity under pure water and artificial sea water. In addition, this
34
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Figure 1-5: (a) Phytanic Acid and the phytanic alkyl functional chemical group (b) MGDG (c)
Palmitic Acid

chapter also examines the ability of MGDG to bind to polysaccharides in the
subphase by first measuring their surface pressures in subphases with polysaccharide. In an extensive study, this binding is examined by x-ray reflectivity
measurements which allow a direct calculation of the amount of polysaccharide
bound to the MGDG monolayer. The effect of calcium in the subphase is also
inestigated

3. Chapter 4 details the pan scale experiments on herding, in which crude oil is
first confined within a floating ring on the air-water interface of a thin water
subphase located in a small rectangular teflon pan. The surfactant herders
phytanic acid and MGDG are spread around the ring to reproducible surface
pressures, and the ring is lifted to study the herding process by video recording
the compression of the oil slick with a camera above the pan. The digital images
of the recording allow a quantitative measure of the area compression with time
and comparison of the herding abilities of the two surfactants.
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4. Chapter 5 details ideas on future work on these herders. One particular focus
is the examination of the surface tension lowering synergism between phytanic
acid and MGDG. These surfactants are present together in the thylakoid membranes of chloroplasts where they form a low tension system possibly through
a synergistic alignment packing in the isoprenoid tail of phytanic acid and the
unsaturated MGDG chains. [25, 26, 27, 28, 29] In analogy mixtures of MGDG
and phytanic acid spread on a air/water surface can display high surface pressures (low tensions), and some preliminary data is provided. A second area of
future research is to undertake experiments on takes capable of simulating wave
action, and we describe briefly possible research in this area.
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Chapter 2
The Effect of the Methyl-branched
Isoprenoid Tail of Phytanic Acid on
its Interfacial Properties at the
Air/Water Interface

2.1

Review of Methyl-branched Isoprenoid Structure

At an air/water interface, the fluidity of spread Langmuir monolayers of insoluble
amphiphiles (e.g. long chain fatty acids, alcohols and phospholipids) is controlled by
a balance between the alignment and stacking of the hydrocarbon tails of the amphiphiles and the packing of their polar headgroups. Methyl branches, can increase
the fluidity of Langmuir monolayers and lipid bilayers by perturbing chain alignment.
Isotherms of monomolecular layers of long chain fatty acids or phosphitidylcholines
with single methyl branches at the iso (one carbon from the methyl end) and anteiso (two carbons from the end) positions on the tail demonstrate that, for a fixed
surface pressure, the monolayer expands further with the movement of the branch
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down the chain[30]. However, at a fixed surface pressure, the increase in area is small
compared to the insertion of a double bond at midchain. While iso- and anteisotailes are natural constituents of the tails of membrane lipids, because of their small
effect on fluidity, they are not the principal means by which organisms adjust to low
temperature environments to maintain membrane fluidity. A much greater increase
in monolayer and bilayer fluidity is observed with the inclusion of repeated isoprenoid
units in the amphiphilic hydrophobic tail. In particular, the phytanyl alkyl functional
chemical group, with four isoprenoid units (Fig. 1-5(a)), is the main tail constituent
of the lipids comprising the bilayers of the organisms of the Archae domain - species
which survive in extreme environments such as low (or high) temperature, salt, or
pH. The phytanyl group strongly perturbes the lengthwise packing of the hydrocarbon tails, and as such leads to a much larger increases in lipid bilayer membrane
fluidity than is afforded by the inclusion of even a cis double bond. Diphytanoyl
phosphocholine (DPhPC) has no gel/liquid-crystalline lamellar phase transition from
-120 to 120∘ C[31] relative to -20∘ C for DOPC[32]. This property, along with the fact
that the double bond is not stable under harsh environments, explains the predominance of the phytanyl lipids in the archae cell membrane as an adaptive response
to low temperature and other harsh environments. For monomolecular layers of amphiphiles with the phytanyl functional group as the hydrophobic tail, surface pressure
isotherms demonstrating the fluid nature of the monolayers have been obtained for
a few amphiphiles, including the lipid DPhPC[33], and the acid phytanic acid, and
the alcohol (phytol). However, the effect of the expansion in the molecular packing
due to the phytanyl group, on other interfacial properties of monomolecular layers
of phytanyl-derivatized amphiphiles at the air/water interface have not been studied.
These properties include the monolayer collapse behavior on compression, the effect,
on the surface compression isotherms, of the pH and the presence of cations in the
subphase, and the dilatational surface viscosity. All these properties are important
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in detailing a complete picture of the behavior of monolayers and bilayers based on
the phytanyl chain, which is necessary in developing a more complete understanding
of how effective phytanic acid can be when used as potential candidates for ecofriendly chemical herders of maritime oil spill remediation. Here we examine as a
representative the fatty acid phytanic acid, and compare the interfacial properties
with those of the linear alkyl chain analogue palmitic acid Fig. 1-5(c). In particular,
we will compare the interfacial properties in subphases of pure water and artificial
sea water at various pH values, as this will give a perspective on the interaction of
these membranes with the electrolyte compositions of the fluid environments typical
of extremophiles.

2.2
2.2.1

Materials and Experiments
Materials

Ultrapure water is obtained from a Milli-Q water filtration unit (EMD Millipore) with
a resistivity of 18.2 MΩcm. Ethanol and chloroform (both HPLC grade), hydrochloric acid (0.1 M), sodium hydroxide (1.0 M), palmitic (purity > 99 % ) and phytanic
acid (>96 %) are obtained from Sigma-Aldrich and all used without modification.
Artificial Sea Water (ASW) is prepared with ultrapure water from a synthetic salt
mixture (Sigma-Alrich), total molarity 0.53M. The electrolyte composition is given
in Table 2.1. Monolayers are dip coated onto 100mm circular polished silicon wafers
(MEMC Electronic Materials) cut into 1x5 cm rectangular pieces. Spreading solvents
are dispensed from 50 𝜇ℓ gas-tight, glass barrel, Hamilton syringes (Kimtech Scientific). Chloroform solutions of acids are made in 5 ml amber colored vials (Fisher)
and stored at 2∘ C. All glassware are cleaned by sonication with ultrapure water, then
ethanol and finally ultrapure water. The Teflon surfaces of the Langmuir troughs are
cleaned using Kimwipes (Fisher) soaked with ethanol and ultrapure water.
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Table 2.1: Composition of Artificial Sea Water (ASW)
Ion
Conc. (M)
Ion
Conc. (M)
Na+
0.4521
K+
0.0104
++
++
Mg
0.0530
Ca
0.0096
++
−5
−
Sr
9.64×10
Cl
0.5315
−
SO−−
0.0267
HCO
0.0032
4
3
Br− 6.75× 10−4
F−
5.11× 10−5

2.2.2

Surface Pressure Measurements

All surface pressure-area isotherms are undertaken at room temperature (22±1.0𝑜 ) on
a KSV teflon minitrough (Biolin) with Delrin barriers. The trough has a 5 cm width
and a maximum area when the barriers are fully apart of 7750 mm2 . The tension is
measured using (Whatman) filter paper strips as Wilhelmy plates. Before spreading
the acids, the trough is cleaned by wiping down with ultrapure water, ethanol and
water. After the trough is filled with Millipore water, the air/water surface between
the barriers is successively compressed and the surface suctioned after compression,
until a zero surface pressure is recorded. Palmitic and phytanic acid are spread from
chloroform solutions in glass syringes, with concentrations of 1.0 mg/mℓ and 0.5
mg/mℓ, respectively. Solvent is allowed to evaporate for 30 min before measurement
of the isotherm. The compression speed is 10 mm/min. The pH of the subphase is
adjusted by the addition of aliquots of standard solutions of 0.1 M HCl or 1M NaOH
which are directly added to the subphase after the trough is filled with water. The
pH is measured by a pH meter (Oakton) after equilibration. Each surface pressure
measurement is repeated in triplicate.
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2.2.3

Langmuir-Blodgett Dip-Coating

Silicon wafer rectangles are coated with palmitic and phytanic acid monolayers using
a KSV dip coating Langmuir trough (width 120 mm, maximum area (barriers apart)
of 83880 mm2 ). The trough is cleaned as with the minitrough, and silicon wafers
are cleaned by first rinsing repeatedly with ultrapure water and ethanol, followed by
plasma treatment (Harrick Plasma Cleaner). The wafers are loaded into the holder of
the dip coater positioned above the trough, and immersed in the subphase to a depth
of 2 - 3 cm. The palmitic and phytanic acids are then spread from the chloroform
solutions, and the solvent is allowed to evaporate for 30 min. The monolayer is
compressed to a prescribe surface pressure and allowed to equilibrate for 20 min; the
silicon wafer is then withdrawn from the water at a rate of 2 mm/min with the surface
pressure held constant by feedback control. The measured transfer ratios are all equal
to one, to within a few percent. The withdrawn wafers are placed in a Petri dish and
covered for AFM measurements.

2.2.4

Atomic Force Microscopy

AFM measurements of the surface topology of the transferred films are obtained
on a Bruker AFM Dimension Fast Scan at room temperature (22±1.0𝑜 ) in peakforce
tapping mode using Bruker Fastscan-C probes with a resonant frequency from 200kHz
to 400kHz.

2.2.5

Pendant Drop Tensiometery

Dilatational rheology measurements are undertaken using a KSV pendant drop tensiometer (Attension, Biolin). A pendant drop of ultrapure water with a volume of
20-24 𝜇ℓ is formed at the tip of a stainless steel needle (13 gauge). Using a 50
𝜇ℓ syringe, diluted chloroform solutions of palmitic (0.1mg/mℓ) and phytanic (0.05
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mg/mℓ) acids are spread onto the pendant drop by touching chloroform drops to the
pendant water drop to use the drop as a Langmuir trough. The chloroform is allowed
to evaporate, and the drop is reduced in volume until the surface pressure reaches the
desired value (15 mN/m)[34]. The area of the drop (A(t)) is then perturbatively oscillated sinusoidally about a steady value 𝐴𝑜 at a frequency (𝑓 ) of 0.1- 1.0Hz (𝜔 = 2𝜋𝑓 )
¯ and phase angle
and an amplitude 𝜀 = 𝐴𝑎 /𝐴𝑜 equal to 0.05, and the amplitude (𝜖𝐸)
(𝛿) of the oscillating tension are obtained by shape analysis[35].

𝐴(𝑡) = 𝐴𝑜 + 𝐴𝑎 sin 𝜔𝑡
𝛾(𝑡) = 𝛾0 + 𝜀𝐸¯ sin(𝜔𝑡 + 𝛿)
𝐸¯ 2 = 𝐸 ′2 + 𝐸 ′′2
𝐸 ′ = 𝐸¯ cos 𝛿
𝐸 ′′ = 𝐸¯ sin 𝛿
(2.1)

where 𝛾0 is the initial tension and 𝐸 ′ and 𝐸 ′′ are the dilatational (linear) elastic or
storage modulus and viscous or loss modulus as shown in Equa. 2.1.

2.3
2.3.1

Results
Palmitic and Phytanic Acid Isotherms

We begin with a comparison of the surface pressure isotherms of palmitic and phytanic acids. Surface pressure isotherms of palmitic acid spread over pure water and
artificial sea water subphases under acidic (pH 3), neutral (5.5) and basic (9) conditions are shown in Fig. 2-1 as the surface pressure (Π) as a function of the area
per molecule (𝒜). We consider first the isotherm over pure water and at neutral pH,
which are the conditions most commonly studied in the literature. (The measured
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isotherm is in agreement with prior studies (e.g.[36, 37]).) As we discuss further on,
the carboxylic acid is undisassociated at this pH in pure water, so the monolayer is
uncharged and the isotherm is representative of the isotherms of uncharged monolayers of medium to large chain length fatty acids (𝐶16 − 𝐶22 ) at room temperature:
With compression, a compressible phase develops at approximately 26 Å2 /molecule,
as the surface pressure rises from a zero pressure plateau, due to a van der Waals
attraction of the aliphatic chains as the amphiphiles are brought in proximity to each
other. This state remains upon compression until a cusp in the isotherm to a less
compressible phase (near vertical slope) at a surface pressure of 23 mN/m and an
area of approximately 20 Å2 /molecule. This is followed by a drop in the surface
pressure of the monolayer for 𝒜 <18 Å2 /molecule (“constant area” collapse), which
arises (as we explain below) as the area per molecule becomes much smaller than
the approximate cross section of the alkyl chain (≈20 Å2 /molecule) and amphiphiles
are displaced from the 2D monolayer to form 3D structures. The changes in the
compressibility of the monolayer as the area per molecule is decreased prior to collapse reflect changes in the phases of the monolayer upon forced compression, as
deduced for n-alkanoic acids from many surface techniques including Brewster Angle
and fluorescence microscopy, ellipsometry, x-ray reflectivity (XRR) and grazing incidence diffraction (GIXRD). infrared reflection adsorption sprectroscopy (IRRAS),
vibrational sum frequency generation (VSFG) and atomic force microscopy (AFM)
on monolayers transferred to solid substrate (for reviews, see [38, 39, 40, 41, 42, 43].
With reference to the isotherms of palmitic acid on pure water at neutral pH (Fig.
2-1b), the pick-off point represents the end of a first order phase transition from a
gaseous (G) state in which the amphiphiles are well separated from one another to a
mesophase of closed packed carboxylic head groups in which the chains are in an all
trans configuration, aligned lengthwise and tilted from the normal (L2 (LC) or tilted
TC phase). In the less compressible state observed at the higher surface pressures the
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(a)

(b)

(c)

Figure 2-1:

Compression isotherms for palmitic acid on a subphase of ultrapure water and
artificial sea water for (a) pH=3, (b) pH =5 and (c) pH=9.
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aliphatic chains are also aligned in an all trans configuration, but are untilted from
the normal and assembled in a more close-packed solid state (liquid solid (LS) or the
untilted (UC) phase), and the cusp in the isotherm indicates a second order phase
transition between the LC and LS phases.
The collapse behavior of the palmitic acid monolayers spread on pure water at
neutral pH (Fig. 2-1) is observed as a drop in the surface pressure. As with the
phase behavior, the collapse of fatty acid monolayers has been examined extensively,
and the molecular events and structural modifications accompanying collapse have
been detailed using electron microscopy, fluorescence and Brewster Angle Microscopy,
AFM on transferred layers, and x-ray reflectivity and grazing incidence diffraction (for
a review, See Lee et al.[44]). Both kinetic and thermodynamic effects contribute to
collapse behavior: For slow compression ( or when monolayers are held at a constant
pressure), critical nuclei form and grow when the surface pressure exceeds the equilibrium spreading pressure of the fatty acid [45]. Under continuous compression, and
at higher surface pressures, kinetic effects are more important. Ries [46]viewed the
collapse as a buckling of the monolayer into the air, creating a bilayer (headgroups
facing each other) which folds over and then moves over the monolayer sitting atop the
subphase to form a three dimensional trilayer (see also [47, 48, 49, 50, 51, 52, 53, 54]).
Intact movement of the bilayer allows the barrier compression to be accommodated,
and the film collapses with a constant surface pressure (constant pressure collapse).
Alternatively if, as the bilayer moves, it fractures and forms additional bilayers faster
than the barrier movement, the pressure of the monolayer drops quickly and the
isotherm resembles a spike at its collapse (constant area collapse). The pure water
isotherms of palmitic acid at pH 5.5 appear as constant area collapse, and imply a
multilayer formation of bilayers atop the monolayer on the subphase. In the absence
of divalent cations, which can stabilize ionized monolayers (see below), the folded
bilayers of palmitic acid are not stable, and break-up into multilayers that relieve
45

the surface pressure, presumably because in their close packed solid state (LS) they
are fragile. Thus the collapse can be envisioned to proceed through the formation of
inverted bilayers stacking on top of one another before completing full coverage atop
the underlying layer [49, 50, 51, 52, 55].
The variation in the pH of the subphase changes the state of ionization of the
carboxylic head groups in the fatty acid monolayer, and this effect can explain the
change in the behavior of the pure water isotherms with pH. The pKa of small chain
carboxylic acids group in solution (e.g. 𝐶2 − 𝐶6 ) is approximately 4.8, as obtained
by titration of the soluble short chain length fatty acids [56, 57]. For the solution pH
equal to the pKa, half of the carboxylic groups in solution are ionized. However, for
fatty acids assembled as monolayers at an air/water interface, measurements using
several techniques (titration[58, 59, 57, 60], surface tension[61], x-ray photoelectron
spectroscopy[62] and the dissolution of the monolayer [63]) have shown that the bulk
pH for which the surface groups become half ionized ionized increase with the fatty
acid chain length in the range of 𝐶8 − 𝐶18 , with values for palmitic acid equal to
approximately 8-9. In situ surface spectroscopic studies directly on fatty acid monolayers using FTIR[64]. IRRAS [65, 66] and VSFG [67, 68, 69] have measured the
fraction of ionized molecules as a function of bulk pH by examining the changes in vibrational spectra of the surface carboxyl groups and surface water. Bulk pH values for
half ionization in the range of 8-10 are measured for the longer chain acidswith chain
lengths between 𝐶16 and 𝐶26 , agreeing with the former measurements. The principal
affect accounting for the increase in bulk pH necessary to half ionize a monolayer is
the fact that as the monolayer disassociates the protons in solution are attracted to
the surface in the Guoy-Chapman diffuse layer. This increases the local pH relative
to the bulk[67, 66] .In these prior studies on the elevation of the surface pKa, the
subphase consisted only of monovalent ions, added in adjustment of pH by NaOH
or KOH (Na+ or K+ concentrations much less than 1 mM)) or in slightly elevated
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concentration of NaCl (<10 mM).
Thus for the isotherms of palmitic acid spread on pure water with monovalent
cations (K+ and Na+ ) added only for pH adjustment, we assume that the bulk pH
necessary to half-ionize the monolayer is ≈ 9. Therefore, the monolayer is completely
protonated at pH 3 and 5.5, and half disassociated at pH 9. With the monolayer
uncharged at pH 3 and 5.5, the isotherms are virtually the same. The isotherms
for pH 9, where the carboxylic groups are half disassociated, is clearly shifted to
lower area per molecules relative to the lower pH isotherms. Disassociation of the
carboxyl group of fatty acids spread as monolayers has two principal effects: First,
the charged carboxylate (in this case the palmitate anion) becomes more soluble in
water, and upon continuous compression can dissolve in the bulk. Second, the ionized
head groups create an electrostatic repulsion between the molecules on the surface,
which expands the layer and creates a larger surface pressure for a given area per
molecule (see for example [70, 71, 69] for stearic and arachidic acid monolayers). The
first effect clearly dominates the pH 9 isotherm on pure water as the palmitate ion
dissolves in the water subphase causing the isotherm to shift to smaller areas per
molecule. This dissolution may also explain the collapse which is not a sharp spike as
dissolution upon compression allows the monolayer to accommodate the smaller area
per molecule without forming trilayers or multilayers.
If the subphase of palmitic acid is replaced by artificial seawater (ASW, ionic components described in Table. 2.1) and the surface pressure isotherms are re-measured,
the results are shown in Fig. 2-1 for the sea water pH adjusted by HCl or NaOH addition to values of 3.0, 5.5 and 9.0. To interpret the effect of changing the subphase
to ASW, we note first that the presence of the high concentration of divalent cations
in the sea water subphase, Ca++ (0.0096M), and Mg++ (0.053M) can markedly reduce the bulk pH necessary to disassociate the carboxylic groups of the fatty acid
monolayer. Studies of the effect of the divalent cations on the ionization have been
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typically undertaken in subphases with only one of these divalent cations present.
Lecalvez [66], using IRRAS, showed that stearic acid monolayers become half disassociated when the pH is approximately 6 for concentrations of the calcium and
magnesium cations equal to 0.003M. Using VSFS, Allen [68, 72] for palmitic acid
has demonstrated that at pH=5.5, the presence of Ca++ (0.1 - 0.3 M) and Mg++
(0.1 - 0.3 M) in the subphase results in disassociation of the carboxyl group. Importantly, they also showed that high concentrations of Na+ and K+ (similar to the
levels in sea water) also caused disassociation of the carboxylic head group of palmitic
acid[73, 74]. The lowering of the bulk pH necessary to cause half ionization of the
fatty acid monolayer is due to the fact that the Ca++ and Mg++ ions bind to the carboxylates in the inner Stern layer of the electrostatic double layer forming complexes,
e.g. 𝑀 +2 (𝑅𝐶𝑂𝑂− )2 , 𝑀 +2 (𝑅𝐶𝑂𝑂− )1 where 𝑀 is the divalent cation and 𝑅𝐶𝑂𝑂−
denotes the ionized fatty acid (see for example the modelling efforts[75, 76]). This
binding readjusts the local ionization equilibria at the surface causing more carboxyl
groups to ionize.
Thus at pH=3, the palmitic acid monolayer above ASW is un-ionized and the
presence of the divalent cations which are in high concentration in the ASW do not
bind to the monolayer. As a result, the surface pressure isotherm is the same as the
isotherm recorded at pH=3 in pure water and exhibit constant area collapse and a second order phase transition. However, at neutral pH the effect of the divalent cations
in the ASW on the surface pressure isotherm is clearly evident as the layer becomes
expanded, collapses at a higher surface pressure and the collapse exhibits the constant
pressure signature. As we have noted above, the complexing of the divalent cations
in the ASW to the carboxylates lowers the bulk pH necessary for ionization of the
monolayer, and at pH 5.5 over ASW the palmitic acid monolayer is now charged. Ionization due to the presence of divalent cations in the subphase can result in expansion
in the monolayer due to electrostatic repulsion as is the case when the pH is increased
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without the divalent cations. However, many studies, e.g. [77, 78, 79, 49, 51, 80] have
recognized that the complexes (soaps) formed between the Ca++ and Mg++ divalent
cations (or other divalent cations) to the carboxylates can condense and stabilize the
monolayer. The stabilization increases the collapse pressure and causes the collapse
behavior to be at constant pressure rather than at constant area (presumably by
stabilizing the trilayer arrangement by divalent coupling). Specifically, for palmitic
acid, Allen et al [68, 36] have shown this condensation effect and the transition to
constant pressure collapse on the isotherms measured on subphases with either 𝐶𝑎++
or 𝑀 𝑔 ++ (although the ion concentrations, .1M - .3M) are much higher than in sea
water). They have also shown how the stabilization leads to a slow decrease in area
of a palmitic acid monolayer held at constant surface pressure[81]. The results obtained for the isotherms of palmitic acid on subphases of sea water at pH 5.5 - as
shown in Fig. 2-1(b) - show the increase in the collapse pressure and the transition to
constant pressure collapse. But interestingly, the monolayer is expanded relative to
the isotherm on pure water at the same pH indicating the importance of electrostatic
repulsion. This result is also obtained by Allen et al. [36] and may arise because the
condensing effect is not as strong since the concentration of Ca++ and Mg++ is less in
ASW then in the experiments on pure water with added cations. Similar experiments
with stearic acid spread on artificial sea water at pH 7 demonstrated a condensation
of the monolayer, although the collapse is observed to be at constant pressure[82].
For pH=9, the palmitic acid monolayer is again expanded on ASW as compared to
on pure water, but part of the reason is due to the higher solubility over pure water,
which shifts the isotherm to lower areas per molecule as is also observed for stearic
acid at pH 10[82].
Finally note that the untilted/tilted phase transition for palmitic acid monolayers
on an artificial sea water subphase has disappeared for pH= 5.5 and 9 in Fig. 21(b) and 2-1(c), which is also observed for stearic acid above ASW [82, 80, 83]. The
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Figure 2-2:

Compression isotherms for phytanic acid on a subphase of ultrapure water and
artificial sea water for (a) pH=3, (b) pH =5 and (c) pH=9.
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disappearance of the phase transition can also be attributed to the cation binding
which by stabilizing the monolayer maintains a phase throughout the compression
which is relatively incompressible, resembling the untilted phase observed when the
subphase is pure water.
Compression isotherms of phytanic acid at pH 5.5 on a subphase of ultrapure water are shown in Fig. 2-2. The isotherm is in agreement with the literature (e.g.[84]),
and shows significant differences with palmitic acid (Fig.2-1) under identical subphase
conditions. Upon compression from a gaseous state, a liquid state of high compressibility emerges, rather than a liquid condensed (LC) state of low compressability as
is the case for palmitic acid. The liquid phase develops from the gaseous phase at a
much larger area per molecule, ≈ 80-85 Å2 /molecule, compared to the pick-off point
for the LC state of palmitic acid, 24-26 Å2 /molecule. This can be attributed to the
methyl groups attached to the sixteen carbon aliphatic chain backbone of phytanic
acid; these groups enhance the van der Waals interaction between the molecules, and
allow the formation of a liquid state from the gaseous phase at a much larger area
per molecule. This observation of an increase in area for the pick-off point on the
isotherm is also observed at neutral pH for the longer (20 carbon) fatty acid chain
eicosanoic acid when a single methyl group is attached to the backbone at the end of
the chain (located at 𝜔-1 or 𝜔-2 positions) [30].
A second significant difference is that the liquid state which develops upon compression of the gaseous state, while more compressible than the LC state of palmitic
acid, does not display a phase transition to a more condensed (LC) or solid (LS)
state upon reduction of the area per molecule. The maintainance of a compressible
liquid state is clearly due to the methyl groups appended to the backbone which
prevents the phytanic acid molecules from stacking lengthwise in a very close packed
configuration as is the case of the untilted and tilted phases of palmitic acid. Hence
the monolayer upon compression remains liquid-like and compliant compared to the
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brittle, solid-like LS state of palmitic acid. Interestingly, studies on the monolayers
of 𝜔-1 or 𝜔-2 eicosanoic acid, with only one methyl group appended to the backbone
at the chain end does not show a dramatic change in compressibility relative to the
straight chain homologue, although the phase transition from the LC to the LS is
removed, and the critical pressure for collapse is reduced [30].
A third difference in the compression isotherms of phytanic acid in pure water at
pH 5.5 relative to palmitic acid is that the collapse behavior is a constant pressure
collapse, where palmitic acid collapsed with constant area. This behavior can also
be attributed to the fact that the phase prior to collapse is still a liquid, relative to
the solid palmitic acid, and can more easily form a continuous inverted bilayer upon
compression rather than fracturing into a series of multilayers.
Changing the pH of the pure water subphase affects the ionization of the monolayer, as we explained above. Assuming the bulk pH required for partial-ionization of
the phytanic carboxylate groups is the same as that of palmitic acid (8-9), at pH 3 the
monolayer is uncharged and the isotherm is the same as the one measured for pure
water at pH 5.5 (as is the case with palmitic acid) (Fig.2-2). More interestingly, the
isotherm over a pure water subphase at pH 9 - where we expect the monolayer to be
half ionized - is approximately the same with only a larger collapse pressure. Unlike
palmitic acid, ionization of phytanic acid does not lead to solubility in the subphase
since the extra methyl groups on the backbone make the charged carboxylate still
insoluble. The similarity between the isotherms at pH 5.5 and 9 is due to the fact
that the areas per molecule are much larger than in the case of palmitic acid. As such,
the electrostatic repulsion which will expand the monolayer is not effective, except at
the lowest areas per molecule, near collapse where the repulsion can account for the
higher collapse pressure.
When the subphase is artificial sea water, an interesting result emerges. As noted
above, the 𝑀 𝑔 ++ and 𝐶𝑎++ cations in the ASW lower the bulk pH required for
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partial-ionization. For an ASW subphase at pH 3, the isotherm is identical to that
of pure water at pH 3 because we expect at this low pH for the monolayer to be
uncharged (Fig.2-2). However, at pH 5.5, we see evidence of ionization, but only at
the small areas per molecule, where the collapse pressure is increased. This result
differs dramatically from the isotherms at pH 5.5 of palmitic acid on ASW which
is expanded relative to the isotherm on pure water at the same pH. This is due (as
noted above) to the fact that the areas per molecule of the phytanic acid monolayer are
much larger than palmitic acid because of the stearic effect of the methyl groups. As
a result the electrostatic repulsion, which accounts for the expansion of the palmitic
acid monolayer, is not as important except at the smaller areas per molecule. The
isotherm for phytanic acid at pH 9 over ASW is expanded relative to the isotherm
over pure water at that pH. At this higher pH, more of the acid is ionized, creating
a greater electrostatic repulsion and accounting for the expansion in the isotherm.
Note however that the constant pressure collapse value, is only approximately 5-10
mN/m larger for monolayers on the ASW suphases at pH 5.5 and 9 compared to the
pure water subphases at the same pH. This is in contrast to palmitic acid, in which
the increase in the collapse pressure is much larger (approximately 20 mN/m) due to
the greater electrostatic repulsion as the palmitic acid carboxylates are much closer
to each other.
Note also from Fig. 2-2 that no condensation of the isotherm is observed in the
presence of the divalent cations of the ASW, simply because the charged carboxylates
are too far apart. A further feature of the isotherms in Fig. 2-2 is that the constant
area collapse is maintained for all conditions. This result supports the conclusion
that the liquid-like behavior of the phytanic acid monolayer phase, prior to collapse,
rather than any monolayer stabilization due to complexing of the divalent cations,
is the primary reason for the constant pressure collapse observed for phytanic acid.
Compared to palmitic acid, monolayers of phytanic acid, which remain in a liquid
53

(a)

(b)

(c)

(d)

(e)

(f)

(g)

Figure 2-3: (a) AFM images of palmitic acid film on (a) pure water at surface pressure of 30
mN/m, (b) artificial sea water at surface pressure of 30 mN/m and (c) artificial sea water at surface
pressure of 50 mN/m (all at pH 5.5); (d, e and f) corresponding heights along the lines indicated in
the images; (g) cation bridge structure formed between oxidized silicon wafer surface and palmitic
acid head group.

state due to the stearic effect of the methyl groups, are less affected by changes in pH
or exchange of subphase from pure water to artificial sea water.

2.3.2

AFM Images of Transferred Palmitic and Phytanic Acid
Layers

To study the surface morphology of the surfactant films on a nanometer scale, AFM
images of the topology are obtained by Langmuir-Blodgett transfer of the spread films
to oxidized silicon wafers. For palmitic acid, the Langmuir-Blodgett (LB) transfer
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experiments are undertaken in pure water and artificial sea water at pH 5.5. Three
AFM images are obtained, i.e. in pure water at a surface pressure of 30mN/m (Fig.23(a)), and in artificial sea water at surface pressures of 30 mN/m (Fig.2-3(b)) and
50 mN/m(Fig.2-3(c)). The two AFM images that are taken at the same surface
pressure (30 mN/m), which are below the collapse pressure (40 and 60 mN/m), are
in the liquid-solid (LS) phase and show different surface morphologies. The topology
in pure water consists of separate islands with two pieces stacked one on top of the
other (Fig. 2-3(a)). From the height profile (Fig.2-3(d)) of a straight line drawn
across the landscape in (Fig.2-3(a)), the lower piece has a thickness of ≈ 3.5-3.7 nm,
and the upper piece ≈ 1.5-1.7 nm. The hydrocarbon tail of palmitic acid with a
sixteen carbon (all trans) extended backbone has a length of 2 nm [85]. AFM images
of LB transferred fatty acid monolayers have been undertaken in several studies (for
a review see [42]); for palmitic acid films compressed to 30 mN/m over subphases of
pure water, monolayer thicknesses of transferred films by Jovin et al [86] are measured
to be ≈ 1.5 nm, less than the (all trans) extended length. Using the range of 1.5 nm 2.0 nm as a guide for the monolayer thickness, the upper piece in Fig. 2-3(b) appears
to be a monolayer, and the lower piece a bilayer. As noted earlier in the discussion of
the surface pressure isotherms, for a pure water subphase at pH 5.5, the monolayer
is uncharged and at a pressure of 30 mN/m in the low compressibility liquid solid
state. This LS state is fragile, and with no divalent cation stabilization collapses at
constant area into multilayers. These AFM images of the transferred film of palmitic
acid taken below the collapse pressure (Fig.2-3(a)) with this stacking of a bilayer on
top of a monolayer provides evidence of the fragile nature of the LS state and is in
agreement with the observations of Jovin et al of the instability of the transferred
monolayer to AFM imaging.
On the other hand, the surface topology of the transferred monolayers of palmitic
acid on subphases of ASW (Fig. 2-3(b)) is uniform with a thickness of ≈ 1.7 nm
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Figure 2-4: AFM images of phytanic acid in pure water (pH 5.5) deposited at a surface pressure of
15 mN/m (a) and 28 mN/m (b), and the corresponding height profile (c,d) across the lines indicated
in the images.
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(Fig.2-3(e)) corresponding to a monolayer covering the substrate. At the transfer pH
(5.5) we noted above that for subphases of ASW the monolayer is charged due to the
𝐶𝑎++ and 𝑀 𝑔 ++ cations in the subphase which complex to the carboxylate. The
monolayer is stabilized by the formation of the cation-carboxylate complexes (hence
the transition to constant pressure collapse), and this allows the monolayer to be
transferred in a stable way to the silicon wafer surface. The ability of divalent cation
complexes to stabilize LB transferred films on solid supports is well recognized in the
literature (see the review [42]) and a contributing factor is a divalent cation bridge that
can form between the charged carboxylate and the negatively charged silica surface
(Fig. 2-3(g)). These results on the effect of the ASW on changing the topology
of the Langmuir-Blodgett transferred monolayers of palmitic acid are in agreement
with the results of Mugele et al [82] who studied films of stearic acid on ASW. They
demonstrated, using imaging ellipsometry, that at pressures near collapse, transferred
stearic acid monolayers are not uniform in pure water , but became uniform in ASW.
Further studies by Mugele et al [83] using AFM demonstrated that transferred stearic
acid monolayers under electrolytes with a divalent cation ( 𝐶𝑎++ ) stabilized the layer
into a uniform thickness. When the transfer process is undertaken at a higher surface
pressure, 50mN/m, nearer to the collapse, the palmitic acid film breaks into pieces
(Fig.2-3(c)) despite the stabilizing effect of the divalent cations. From the height
profile (Fig. 2-3(f)), the piece evident in the AFM image has a thickness of ≈ 5 nm,
corresponding to a trilayer. The loss of stability is apparently due to the fact that the
transfer process is taking place at a surface pressure close to the collapse pressure.
For phytanic acid, AFM images of transferred films are obtained in pure water
(pH 5.5) at two surface pressures, 15 mN/m and 28 mN/m (Figs. 2-4(a) and 2-4(b)).
At both surface pressures, as noted earlier, the monolayers are in a compressible
liquid state and the transfer at the higher surface pressure is near the constant area
collapse pressure of 30 mN/m. AFM images at both surface pressures (Fig.2-4(a)
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and Fig.2-4(b)) show a uniform thickness demonstrating that the monolayer on the
water subphase is stable and remains intact on transfer. Height profiles (Fig. 2-4(c)
and Fig. 2-4(d)) show a thickness for both transferred films of ≈ 1 nm, which is
smaller than the anticipated range of 1.5 - 2 nm for a fatty acid chain with a sixteen
carbon backbone. The reason for these smaller thicknesses derives from the fact
that the films are transferred at 50-60 Å2 /molecule for the two surface pressures (15
mN/m and 28 mN/m). These areas per molecule are large, and the space between
the phytanic acid molecules allows the chains to tilt significantly form the surface
normal. This contrasts to the case of palmitic acid, in which the areas per molecule
are much smaller, ≈ 18-20Å2 /molecule, the chains are upright and the monolayer
thicknesses are in the expected range of 1.5 - 2 nm. In addition, the liquid phase of
the phytanic acid monolayer may be more compliant to the scanning AFM tip, which
can also account for a smaller thickness than anticipated. These AFM images (Fig.
2-4) provide the important conclusion that the liquid state of the spread monolayers
of phytanic acid allows a stable transfer of the monolayers to solid substrates via the
LB technique without the requirement of divalent cation stabilization.

2.3.3

Dilatational Viscosity Measurements of Palmitic and Phytanic Acid Monolayers

The Π(𝒜) curves of palmitic and phytanic acid provide information on the elasticity
of the spread monolayers of the acids. To understand how the phytanyl tail group
affects their viscous dynamic properties (relative to the straight chain tail of palmitic
acid), the dilatational viscosities of the monolayers are measured using an oscillating
pendant drop. First, monolayers are deposited on the surface of a pendant drop with
a volume of ≈ 25 𝜇ℓ by contacting the hanging drop with a drop of a chloroform
solution of the acids. After detachment of the chloroform drop, the volume of the
water drop is decreased continuously (using a syringe pump) to smaller values causing
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the surface area to contract. During this area contraction the tension of the drop
interface is continuously measured by shape analysis. When the surface pressure
reaches 15 mN/m (drop volume ≈ 17 𝜇ℓ), the contraction is stopped. The drop
volume is then oscillated perturbatively in a sinusoid at a specified frequency using a
piezo crystal inserted in line with the needle on which the pendant drop is attached,
and the oscillating area and tension are measured to obtain the linear elastic and
viscous moduli 𝐸 ′ and 𝐸 ′′ (eq. 2.1). The oscillation in the area is 0.05 of the initial
area, and the drop is oscillated for approximately one minute. After the oscillation
the drop volume is further decreased to a volume of ≈ 12 𝜇ℓ and the surface pressures
are again recorded during the reduction in volume.
Figs. 2-5(a) and 2-5(b) are the measured isotherms on pure water (pH 5.5) for
palmitic and phytanic acid and are compared to the compression Π(𝒜) curves of these
acids obtained by compression on a Langmuir trough (above a subphase of pure water
at pH 5.5). (The period in which the drop is oscillated at 15 mN/m is demarcated
as a jump in the graphs.) To undertake a comparison of the compression isotherms
using the pendant drop and Langmuir trough methods, the monolayer surface concentrations on the pendant drop are required. These values are uncertain because
the amount deposited during contact with the chloroform droplet is not known. We
choose the reference surface pressure for which the oscillation is undertaken (here 15
mN/m), and assign the pendant drop surface concentration at this pressure to be
equal to the concentration measured by the Langmuir trough experiments for this
same surface pressure. With this normalization, note from the figure that the two
isotherms are in good agreement, indicating identical films formed in the pendant
drop and Langmuir trough experiments.
Figures 2-6(a) and 2-6(b) plot the measured viscous dilatational modulus 𝐸 ′′ for
three frequencies in the range 0.1 - 1 Hz for phytanic and palmitic acid at pH 5.5 on
pure water and a surface pressure of 15 mN/m. Note that in this range of frequencies,
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(a)

(b)

Figure 2-5: Π(𝒜) curves of palmitic acid (a) and phytanic acid (b) obtained from pendant drop
compression and Langmuir trough compression experiments on pure water for pH 5.5 .
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Figure 2-6: Dilatational viscosity moduli of phytanic acid (a) and palmitic acid (b) at three
frequencies demonstrating Newtonian behavior for pure water at pH 5.5. and 15 mN/m in the range
of frequencies 0.1- 1.0 Hz.
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𝐸 ′′ is linear in the frequency, indicating that the monolayers of both acids behave as
a Newtonian surface fluids [87] in this range (0.1- 1.0 Hz), i.e. where 𝜅𝑎 is the
⃒
𝑑𝛾 ⃒⃒
dilatational viscosity and −Γ𝑜 ⃒ is the elasticity of the monolayer. Linear behavior
𝑑Γ Γ0
is also obtained for this frequency range when the drop phase is replaced by artificial
sea water.
Summarized in Table 2.2 are, for the intermediate frequency 0.7 Hz and the surface pressure of 15 mN/m, the dilatational viscous (loss, 𝐸 ′′ ) and elastic (storage,
𝐸 ′ ) moduli for palmitic and phytanic acid monolayers on drops with pure water and
artificial sea water. Measured values for this elasticity are in agreement with values
obtained directly from the Langmuir trough experiments at the surface pressure of the
oscillation measurement (15 mN/m). The large increase in value for 𝐸 ′ for palmitic
acid between pure water and artificial sea water reflects the increased elasticity due
to the charging of the layer as is evident from the Langmuir trough surface pressure
measurements (Fig. 2-1(b)). In the case of the elasticity of the phytanic acid monolayer on the drop surface, 𝐸 ′ is not significantly changed between pure water and
artificial sea water, also reflecting the trend shown in the Langmuir trough surface
pressure measurements (Fig. 2-2(b)).We note finally that the values of 𝐸 ′ at the other
two frequencies are within a few percent of the values at 0.7 Hz, as to be expected
because, for a Newtonian surface fluid, 𝐸 ′ is independent of the frequency (eq. 2.2).
]︃
⃒
𝑑𝛾 ⃒⃒
𝛾(𝑡) = 𝛾0 + 𝜀 −Γ𝑜 ⃒ sin(𝜔𝑡) + 𝜅𝑎 𝜔 cos(𝜔𝑡)
𝑑Γ Γ0
⃒
𝑑𝛾 ⃒⃒
′
𝐸 = −Γ𝑜 ⃒
𝑑Γ
[︃

Γ0

𝐸 ′′ = 𝜅𝑎 𝜔
(2.2)

The dilatational viscosity 𝜅𝑎 for the fatty acids on pure water are obtained from
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Table 2.2: Dilatational elastic and viscous moduli of palmitic and phytanic acid at a
fixed frequency (0.7 Hz) and surface pressure of 15 mN/m for pure water (PW) and
artificial sea water (ASW) at pH 5.5
Molecule
Palmitic Acid(PW)
Palmitic Acid(ASW)
Phytanic Acid(PW)
Phytanic Acid(ASW)

E’(mN/m)
4.2±0.5
6.6±0.5
2.3±0.3
2.7±0.3

E”(mN/m)
25±2
28±2
4.6±0.5
8.6±0.5

Table 2.3: Dilatational Viscosity 𝜅𝑎 (mNs/m) of palmitic and phytanic acid monolayers at a surface pressure of 15 mN/m on pure and artificial sea water at pH 5.5.
Molecule
Pure Water
Artificial Sea Water

Palmitic Acid
8.0±0.5
6.3±0.5

Phytanic Acid
1.6±0.2
1.9±0.2

the linear slopes of the plots of 𝐸 ′′ as a function of 𝜔 in Figs. 2-6(a) and 2-6(b) and
are shown in Table 2.3 for subphases of pure water and artificial sea water at the
surface pressure of 15 mN/m. Above subphases of both pure water and artificial sea
water, the dilatational viscosity of palmitic acid is much larger than that of phytanic
acid due principally to the fact that the phytanic acid monolayers are in a more
expanded liquid state compared to the condensed monolayers of palmitic acid. (The
area per molecule for palmitic acid is ≈ 22-24 Å2 /molecule, and that of phytanic
acid is 55 Å2 /molecule at a surface pressure of 15 mN/m as noted from the surface
pressure curves, and the elasticities of the palmitic monolayers are much larger than
phytanic acid as given in Table 2.2.) Note importantly that 𝜅𝑎 for palmitic acid is
smaller on artificial sea water compared to pure water, while the opposite is true for
phytanic acid. Two effects may be noted to rationalize these results. The first is the
molecular surface density (area per molecule) of the fatty acids; the larger the density
the larger the viscosity. The second is the effect, in the case of artificial sea water,
on the ionization of the monolayers and the binding of the cations to the negatively
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charged carboxylate groups of the acids. When the palmitic acid monolayer, which
is in a relatively condensed state, becomes charged under subphases of artificial sea
water at pH 5.5, the resultant electrostatic repulsion increases the area per molecule
which acts to decrease the dilatational viscosity. In the case of phytanic acid, the
area per molecule under both pure water and artificial sea water remains the same
(cf. Fig. 2-2(b)). Although the layer becomes charged under ASW, the electrostatic
repulsive force is not large since the area per molecule is, compared to palmitic acid,
large. However, the charged carboxylate binds the cations in the ASW, particularly
the divalent cations and as a result the complex, as the surface area is oscillated,
causes a larger surface viscosity as the complex dissipates more energy as the area
per molecule is periodically changed. Palmitic acid under ASW also binds cations,
which have the effect of increasing the dilatational viscosity. However, the observed
decrease is due to the increase in the area per molecule which is the more important
effect when the molecules are closely packed.
Measurements of the dilatational viscosity or loss modulus of spread monolayers
of long chain fatty acids have been undertaken using several different techniques.
One class of “wave” techniques involve spreading a monolayer on a planar surface
and measuring (i) the (quasi-elastic) light scattering power spectrum of thermally
excited capillary waves on the surface, (ii) the spatial attenuation in the propagation
of capillary waves locally excited (e.g. by electrocapillarity) on the surface, or (iii) the
attenuation in propagation of longitudinal waves imposed on a surface by a mechanical
barrier (for reviews see [88, 89]). A second class of “area dilation” techniques is based
on oscillating the volume of a bubble or drop to expand or compress its surface as
uniformally as possible, and obtaining the tension by a measurement of the pressure
inside the bubble or drop (e.g. oscillating bubble surfactometer (bubbles millimeter in
size) [90] or a microtensiometer (bubbles tens of microns in size [91]), or the shape of
the drop (which is the technique we have used). Alternatively, on a Langmuir trough,
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the barriers can be symmetrically moved to compress and expand the surface, and
the tension measured using a Wilhelmy plate [92].
The dilatational viscosity of palmitic acid (and other long chain fatty acids) in
pure water (neutral pH) has been examined in a few studies with these techniques,
with results that are difficult to generalize and compare. Using the bubble surfactameter, palmitic acid is spread to a large area per molecule (125 Å2 /molecule, in
the G/LC phase transition) and oscillated at a single low frequency of 0.3 Hz. A
value of 17 mNs/m is measured for 𝜅𝑎 which is approximately double the value we
have obtained for a much smaller area per molecule ≈ 23 Å2 /molecule. The larger
value may be due to the presence of two phases on the surface, which can increase the
dilatational viscosity. Anna et al [93], using a microtensiometer, oscillated palmitic
acid monolayers at a low frequency of .16 Hz at surface pressures in the range of
1-10 mN/m, but found negligible (or negative) values for the dilatational viscosity.
A similar conclusion is obtained by Langevin et al [94] using the measurement of the
spatial attenuation of waves generated locally by electrocapillarity, but at a much
higher frequency (800 Hz) for areas per molecule between 20-35 Å2 /molecule and by
Noskov and Zubkova [95], also using electrocapillary wave attenuation at a frequency
of 120 Hz. Measurements of the dilatational viscosity by quasi-elastic light scattering
of thermally excited waves (1-100 KHz) for long chain fatty acids (C14 -C18 ) in their
LE or LC state (e.g. [96, 97, 98] measure small positive values, 𝜔𝜅𝑎 ≈ 1-10 mN s/m.
These results, along with the electrocapillarity wave propagation studies, indicate
that at least at the high frequencies (> 100Hz) 𝜅𝑎 is negligible. At low frequencies
(0.1 -10 Hz as in our study) the dilatational viscosity of fatty acids can be of order
one or larger, as obtained for palmitic acid using the bubble surfactameter and in our
study. In addition, for myristic acid, using the slow propagation of waves created by
a mechanical barrier ( 1 Hz ), Langevin et al[99] measured a dilatational viscosity of
order 1 mN s/m for an area per molecule of 40 and 60 Å2 /molecule.
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2.4

Conclusion

This study has examined the effect of the methyl branches of the hydrophobic (phytanyl) tail of phytanic acid on its interfacial properties, by comparing with palmitic
acid which has the same tail backbone (sixteen carbons) but is unbranched. Interfacial properties which are studied are the surface pressure isotherms and dilatational
viscosity of spread monolayers of palmitic and phytanic acids above aqueous phases,
and the nanometric scale topology of (Langmuir-Blodgett) transferred films of the
spread monolayers onto a solid (silica) substrate. Experiments are undertaken under
subphases of pure water and artificial sea water (ASW) with pH values adjusted to
low (pH=3), neutral (pH=5.5) and high (pH=9). Variation of the pH and the consideration of sea water allowed the study of charging of the monolayer, and cation
binding.
The important effects of the methyl branching of the tail of phytanic acid on the
interfacial behavior are:
1. Under all conditions of pH and salinity, the phytanic acid monolayer remained
in a liquid state up to collapse, due to the methyl groups spacing apart the
tails. Over pure water, at all pH values, the phytanic acid monolayer remains
- upon compression to smaller areas per molecule - in a compressible “liquid
state” which does not undergo a phase transition to more condensed, more
incompressible, states at smaller areas per molecule prior to collapse. Upon
compression, palmitic acid, whose unbranched tails can stack lengthwise, exhibits a liquid condensed (LC) to liquid solid (LS) phase transition prior to
collapse and collapses in the LS state.
2. As a result of the fact that the monolayer remains in a liquid state, the spread
monolayer collapses at constant pressure, suggesting that the liquid state orderly forms a trilayer (bilayer atop a monolayer) at collapse. Constant pressure
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collapse is universal, observed for all values of the subphase pH and over both
pure water and artificial sea water. This is in contrast to palmitic acid, for
which, over phases of pure water, collapses rapidly into multilayers at constant
area per molecule, a behavior attributed to the the low compressibility of the
solid state which makes it fragile on collapse. Only when the palmitic acid
monolayer becomes charged and is over a subphase of artificial sea water (see
(3) below) does the palmitic acid monolayer collapse at constant pressure.

3. Charging of the carboxylate groups of both fatty acids occurs at high pH (9) over
pure water, and at pH 5 and 9 over artificial sea water, due to the binding of the
divalent 𝐶𝑎++ and 𝑀 𝑔 ++ cations in the sea water to the charged carboxylates
to form complexes, which lowers the bulk pH necessary to ionize the carboxyl
group. Charging the phytanic acid monolayer expands the isotherm due to the
electrostatic repulsion of the charged carboxylates, and raises the pressure at
collapse. However these changes are most pronounced at pH 9 above artificial
sea water because in the liquid state, the phytanic acid carboxylates are spaced
apart and the electrostatic repulsion is thereby reduced. In contrast, for palmitic
acid, the complexes formed between the carboxylates and the divalent cations
stabilizes the monolayer, as is usual for spread monolayers of straight chain long
chain fatty acids, and causes palmitic acid to collapse at constant pressure into
trilayers.

4. AFM measurements of films of phytanic acid monolayers on silica substrates
(formed by dip coating)

showed a continuous monolayer film, indicating the

liquid state allows a stable transfer. These continuous films are observed universally, at a low surface pressure, and a higher surface pressure prior to collapse
and for transferred monolayers on subphases of water and ASW at pH 5.5.
Films of palmitic acid, transferred from monolayers over pure water at pH 5.5
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are not uniform, with the monolayer appearing to break into monolayer and
bilayer pieces. However, when the palmitic acid films are formed by transfer
of monolayers spread over artificial sea water, continuous monolayer films are
obtained. This effect, also usual for fatty acids, is attributed to the stabilization
of the monolayer due to the binding of the divalent cations to the carboxylates
and the negatively charged silica substrate.
5. The dilatational surface viscosity of the phytanic and palmitic acid monolayers
are obtained by measuring the tension of the surface of oscillating pendant
aqueous drops with the monolayers spread on the drop surface. For drops
(subphases) of pure water and artificial sea water at pH 5.5 and an intermediate
surface pressure (15 mN/m), both monolayers are found to behave as Newtonian
surface fluids over a frequency range of 0.1 - 1 Hz. For a drop phase of pure water
or artificial sea water, the phytanic acid monolayer had a lower dilatational
viscosity than palmitic acid,. This result is attributed to the larger areas per
molecule of the phytanic acid, in its liquid phase, compared to palmitic acid,
in its condensed phase, at the surface pressure of 15 mN/m. However, for
phytanic acid, the dilatational viscosity increases marginally for suphases of
ASW compared to pure water, an effect attributed to the additional viscous
resistance of the cations binding to the charged monolayer. For palmitic acid,
the viscosity decreases more significantly for suphases of ASW compared to
pure water, an effect attributed to the large increase in area due to electrostatic
repulsion.
From this summary it is clear that the methyl branched phytanyl tail, by spacing
apart the fatty acid molecules of phytanic acid on a spread monolayer, creates a
resilient liquid state that collapses under constant pressure, and transfers to solid
substrates uniformally. Importantly this behavior is steadfast even when the pH
is changed and the subphase is replaced by artificial sea water as charging effects
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minimally affect the layer because the molecules are so far apart. The dilatational
viscosity is also only marginally affected by exchanging the subphase with artificial sea
water. This is in distinct contrast to palmitic acid which forms condensed layers that
are sensitive to the charging effects which derive from changes in pH and exchange of
the subphase with artificial sea water.
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Chapter 3
Interaction Between Plant
Glycolipids MGDG and Water
Soluble Polysaccharides 𝜆
Carrageenan at Water-air Interface
3.1
3.1.1

Materials and Experiments
Materials

Ultrapure water is obtained from a Milli-Q water filtration unit (EMD Millipore)
with a resistivity of 18.2 MΩcm. Ethanol and chloroform (both HPLC grade), 𝜆
carrageenan, calcium cation 𝐶𝑎++ and artificial sea salt are obtained from SigmaAldrich and all used without modification. Artificial Sea Water (ASW) is prepared
by dissolving artificial sea salt mixture (Sigma-Alrich) into ultrapure water, total
molarity 0.53M. The electrolyte composition is same as in Table 2.1. Three different
batches of MGDG are purchased from Avanti Polar Lipids, Inc. and used as received.
Chloroform solutions of acids are made in 5 mℓ amber colored vials (Fisher) and
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stored at 2∘ C. All glassware are cleaned by sonication with ultrapure water, then
ethanol and finally ultrapure water. The Teflon surfaces of the Langmuir troughs are
cleaned using Kimwipes (Fisher) soaked with ethanol and ultrapure water.

3.1.2

Surface Pressure Measurements

All surface pressure-area isotherms are undertaken at room temperature (22±1.0𝑜 ) on
a KSV teflon minitrough (Biolin) with Delrin barriers. The trough has a 5 cm width
and a maximum area when the barriers are fully apart of 7750 mm2 . The tension is
measured using (Whatman) filter paper strips as Wilhelmy plates. Before spreading
the acids, the trough is cleaned by wiping down with ultrapure water, ethanol and
water. After the trough is filled with Millipore water, the air-water surface between
the barriers is successively compressed and the surface suctioned after compression,
until a zero surface pressure is recorded. MGDG molecules are spread from chloroform
solutions in glass syringes, with concentration of 1.0 mg/mℓ. Solvent is allowed to
evaporate for 30 min before measurement of the isotherm. The compression speed is
10 mm/min. Each surface pressure measurement is repeated in triplicate.

3.1.3

Pendant Drop Tensiometery

Dilatational rheology measurements are undertaken using a KSV pendant drop tensiometer (Attension, Biolin). A pendant drop of ultrapure water with a volume of
20-24 𝜇ℓ is formed at the tip of a stainless steel needle (13 gauge). Using a 50 𝜇ℓ syringe, diluted chloroform solutions of MGDG (0.1mg/mℓ) is spread onto the pendant
drop by touching chloroform drops to the pendant water drop to use the drop as a
Langmuir trough. The chloroform is allowed to evaporate, and the drop is reduced in
volume until the surface pressure reaches the desired value (15 mN/m)[34]. The area
of the drop (A(t)) is then perturbatively oscillated sinusoidally about a steady value
𝐴𝑜 at a frequency (𝑓 ) of 0.1- 1.0Hz (𝜔 = 2𝜋𝑓 ) and an amplitude 𝜀 = 𝐴𝑎 /𝐴𝑜 equal
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¯ and phase angle (𝛿) of the oscillating tension are
to 0.05, and the amplitude (𝜖𝐸)
obtained by shape analysis[35]. where 𝛾0 is the initial tension and 𝐸 ′ and 𝐸 ′′ are the
dilatational (linear) elastic or storage modulus and viscous or loss modulus as shown
in Equa. 3.1.

𝐴(𝑡) = 𝐴𝑜 + 𝐴𝑎 sin 𝜔𝑡
𝛾(𝑡) = 𝛾0 + 𝜀𝐸¯ sin(𝜔𝑡 + 𝛿)
𝐸¯ 2 = 𝐸 ′2 + 𝐸 ′′2
𝐸 ′ = 𝐸¯ cos 𝛿
𝐸 ′′ = 𝐸¯ sin 𝛿
(3.1)

3.1.4

X-ray Reflectivity and X-ray Fluorescence

All X-ray reflectivity (XR) and X-ray fluorescence (XRF) experiments are conducted
at the NSF‘s ChemMatCARs, station 15 ID-C experimental hutch at the Advanced
Photon Source in Argonne National Laboratory (Argonne, IL).[100, 101, 102] An
incident X-ray beam of wavelength 𝜆=1.24 Å is used, and XR data are collected
using a Pilatus 100 K area detector and XRF data are collected using a 50 mm2
vortex-60EX detector. A Langmuir trough of maximum surface area 330 cm2 and
9 cm width with one fixed barrier and one movable barrier is used an insert to fit
the existing X-ray reflectivity setup at the 15 ID-C. A single barrier of speed range
of 0.01 - 0.5 mm/s, is place on top of the trough which compress molecule layer
to target surface pressure 25mN/m in this case. ≈ 320 mℓ of subphase liquid is
required to fill the trough. After that, 15 - 25 𝜇ℓ chloroform solution of surfactant is
spread onto the subphase surface. 30 minutes is given to let the chloroform evaporate
leaving surfactant molecules on the surface. After 30 minutes, the barrier starts to
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compress surfactants at a constant rate of 2mm/s until the surface pressure reaches
the target. Then, surface pressure will be held at the target surface pressure for
XR and XRF experiments. The trough is in a chamber, and after the spreading
process is finished, the chamber will be closed and then the hatch room enclosing
the X-ray beam and chamber is closed. This trough is inside a sealed aluminum
box chamber on a vibration isolation table system. Before each XR measurement,
the chamber is purged with helium to maintain the oxygen level to be < 1 percent
(v/v), in order to reduce beam damage and the background scattering, which takes
an additional 30 minutes. A scan of the surface then takes 30 minutes. Hence after
completion of the scan approximately 150 minutes or 9000 s have elapsed from the
moment the air/liquid interface of the trough is formed. XR data is measured as a
function of incident angle over the wave vector transfer Q𝑧 =(4𝜋/𝜆)sin(𝛼) along the
surface normal to cover the range 0.016 < Q𝑧 < 0.6−1 . The position of the sample is
shifted perpendicular to the beam, periodically, to avoid any radiation damage. All
the measurements are carried at the room temperature of (20 ± 3) 𝑜 C.

3.2
3.2.1

Results
MGDG and 𝜆 carrageenan Isotherms

Three batches MGDG sample tested in this research are purchased from Avanti Polar
Lipids, Inc. As reported from Avanti, MGDG are natural lipids which are directly
extracted from plants and the product is a mixture of certain ratio of five types of
MGDG molecules with different structures and different degree of unsaturation as
shown in Fig. 3-1(a), and the structure of the majority MGDG molecule of the mixture is shown in Fig.3-1(c) which has two hydrophobic chain of the length of 18 and
18 carbons as well as three double bonds in each chain. We have obtained the signature surface pressure isotherms for all three batches of MGDG samples at pH 5.5 as
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shown in Fig. 3-1(b). Previous literature has also shown different results of pressure
area isotherms of MGDG. Makyla et al [103, 104] has similar MGDG pressure area
isotherm as our isotherms for the batch used for LB compression experiments while
Leblanc et al [105] has reported similar isotherm as our isotherm for X-ray reflectivity
experiments. Besides, Sanz et al [106] has obtained the isotherm of saturated MGDG
which is a pure element. From Fig. 3-1(b), pressure area isotherms of three batches
of MGDG are different as a result of different ratio of MGDG molecules of each
batch. Therefore, to ensure the consistency of this research, we use different batches
of MGDG for different sets of experiments, i.e., one batch is all used for Langmuir
compression experiment and another batch is used for X-ray reflectivity experiments.
The third batch which is the new batch in Fig. 3-1(b), is tested to provide further
evidence of batch difference of the MGDG purchased form Avanti. The signature
surface pressure isotherms of MGDG used in Langmuir compression experiments and
X-ray reflectivity experiments are shown in Fig. 3-1(b), which will be referred independently for further discussion for different experiments. 𝜆 carrageenan, which is
extruded from seaweed, is studied together with MGDG to understand the interaction between MGDG and natural polysaccharides in ocean surface and how it will
affect the oil spill remediation process. Herein, 𝜆 carrageenan aqueous solution is used
in experiments as a substitute of pure water for subphase. Fig.3-1(d) has shown the
chemical structure of two 𝜆 carrageenan molecule repeating units. And we notice that
there are three negative charges on each repeating unit of 𝜆 carrageenan molecule.
The polar group of MGDG is a galactose sugar ring which is not charged under
all pH conditions. Therefore, we begin with comparing the surface pressure isotherms
of MGDG on pure water and artificial sea water at pH 5.5 as shown in Fig. 3-2(a).
Unlike phytanic acid whose pressure area isotherm in ASW shows significant increase
in surface pressure at same area per molecule (𝒜) comparing with its isotherm in
pure water as a result of cation binding between negatively charged polar group of
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(a)

(b)

(c)

(d)

Figure 3-1: (a)MGDG mixture distribution (Picture from Avanti Website) (b) Pressure area
isotherms for three different batched of MGDG at pH 5.5 in pure water purchased from Avanti (c)
Representative structure of MGDG (d) Structure of repeating unit of 𝜆 Carrageenan molecule
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phytanic acid molecules. The isotherms of MGDG in pure water and ASW are nearly
identical and is in agreement with the literature (e.g.[103, 104]). This is because the
hydrophobic head group of MGDG remains uncharged in both pure water and artificial sea water. No cation binding is formed under either conditions. This proves that
MGDG surface activity is not affected by the presence of cations in the subphase.
Knowing this, we conduct our other experiments of MGDG in pure water for simplification and consistency. We begin with comparing the isotherm of MGDG in pure
water at pH 5.5 with the isotherm of phytanic acid under same condition and we
find similarities between these two curves. Upon compression from a gaseous state, a
liquid state of high compressibility is also found in the isotherm of MGDG. At area
per molecule (𝒜) ≈ 100 Å2 which is ≈ 15-20 Å2 larger than phytanic acid, a liquid
phase starts to develop. Information to notice is that the pick-off point of MGDG
Π (𝒜) is larger than that of phytanic acid, this can be attributed to the larger cross
sectional area of its unsaturated double chain and galactose polar group of MGDG
than the methyl groups attached to the sixteen carbon aliphatic chain backbone of
phytanic acid and its carboxyl polar group. Stronger van der Waals interaction is
formed between MGDG molecules.
Besides the large pick-off point, the monolayer of MGDG under continuous compression does not show phase transition from a liquid phase to a liquid-condensed
(LC) phase or a liquid-solid (LS) phase. And this can also be attributed to the large
size of polar group of MGDG molecule and the bent double chain which prevents the
formation a close compacted configuration like what palmitic acid molecules will form
upon compression. The cis double bonds in MGDG molecule change the orientation
of the hydrophobic chain. Therefore, unlike the saturated MGDG, which has two
straight double chain and can form a liquid solid monolayer [106], the unsaturated
MGDG molecules with bent double chain has a larger cross section area in the hydrophobic group and can only form a liquid-like phase. And this is also the reason
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(a)

(b)

(c)

Figure 3-2: (a) MGDG isotherms on pure water and artificial sea water at pH 5.5(b) MGDG
isotherm on pure water and 𝜆 carrageenan solution at pH 5.5(c) surface pressure vs surface area
isotherm of 0.05% 𝜆 carrageenan solution at pH 5.5
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that the isotherm of MGDG shows a constant pressure collapse at the surface pressure
≈ 38mN/m, because the MGDG liquid-like monolayer with high compressibility can
form a continuous inverted bilayer under further compression instead of breaking into
separate pieces of multilayers and 3-D crystalized structures.
Replacing pure water subphase with 0.05 wt% 𝜆 carrageenan solution affects the
total interaction of polar groups in MGDG molecules. In pure water, there is only
one type of interaction of MGDG polar groups which is the van der Waals interaction.
However, in 𝜆 carrageenan solution, besides van der Waals interaction, there is also
hydrogen bonding between polar group of MGDG and 𝜆 carrageenan molecules. This
interaction can be attributed to the structural similarity of MGDG polar group which
is a galactose ring and the repeating sugar ring structure of 𝜆 carrageenan molecules.
Comparison of MGDG pressure area isotherms in pure water and 𝜆 carrageenan
solution is shown in Fig. 3-2(b). In the isotherm of MGDG on 𝜆 carrageenan solution,
the surface pressure at each area per molecule (𝒜) is ≈ 5 mN/m higher than that
of MGDG on pure water. This increase in surface pressure provides evidence for
the hydrogen bonding interaction between head group of MGDG and 𝜆 carrageenan
molecules.
Fig. 3-2(c) is the surface pressure vs surface area isotherm we obtained for 0.05
wt% 𝜆 carrageenan solution. Unlike the insoluble surfactants like MGDG, phytanic
acid and palmitic which has a relatively larger hydrophobic tail and very limited
solubility in water, 𝜆 carrageenan molecules although have a very large molecular
weight are soluble in water. Therefore, the typical surface pressure (Π) area per
molecule (𝒜) curve we have obtained for those insoluble molecules can not be obtained
for 𝜆 carrageenan molecules. In order to know the surface activity of 𝜆 carrageenan
molecules at water-air interface, we conduct an experiment in which we compress the
surface of 0.05 wt% 𝜆 carrageenan solution and obtain the surface pressure vs surface
area isotherm where the surface area is the surface area of the part of Langmuir
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trough surface within two barriers. In Fig. 3-2(c), surface pressure increases by ≈
1-2mN/m which indicates that 𝜆 carrageenan molecules are not surface active when
there are no other surface active molecules on the water-air interface. However, with
the presence of MGDG at water-air interface, 𝜆 carrageenan molecules are recruited
from the bulk of subphase to the water surface where they form hydrogen bonding
interaction with the MGDG polar groups and which in return increases the surface
pressure of MGDG isotherm by ≈ 5mN/m.

3.2.2

Dilatational Viscosity Measurements of MGDG Monolayers on Pure Water and 𝜆 carrageenan solution

From the Π(𝒜) curves of MGDG, we know that with the presence of MGDG molecules
on water surface, 𝜆 carrageenan molecules are recruited from the bulk of subphase to
the water surface. Hydrogen bondings are formed between the MGDG molecules and
𝜆 carrageenan molecules in this case which increase the surface pressure at water-air
interface. In order to know how the hydrogen bonding affects the viscous dynamic
properties, the dilatational viscosities of the MGDG monolayers are measured by an
oscillating pendant drop tensiometer. A subphase drop (water or 0.05 wt% 𝜆 carrageenan solution) of size ≈ 25 𝜇ℓ is formed, then the MGDG monolayer is deposited
onto the pendant drop surface by contacting a diluted chloroform MGDG solution
(0.1mg/mℓ) drop of size ≈ 3-5 𝜇ℓ to it. After the monolayer is deposited, the volume of the drop is continuously decreased (using a syringe pump) to a smaller value.
During this process, the surface area occupied by MGDG molecules is also decreased
continuously and the surface tension is measured by the shape analysis continuously.
The volume decrease process is stopped when surface pressure reaches 15 mN/m from
0 mN/m. The drop volume is then oscillated perturbatively in a sinusoid at a specified
frequency using a piezo crystal inserted in line with the needle on which the pendant
drop is attached, and the oscillating area and tension are measured to obtain the
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Figure 3-3: Π (𝒜) curves of MGDG obtained from pendant drop compression and
Langmuir trough compression experiments on pure water at pH 5.5
linear elastic and viscous moduli 𝐸 ′ and 𝐸 ′′ (eq. 2.1). The oscillation in the area is
0.05 of the initial area, and the drop is oscillated for approximately one minute. After
the oscillation the drop volume is further decreased to a volume of ≈ 12 𝜇ℓ and the
surface pressures are again recorded during the reduction in volume.
Fig. 3-3 shows the measured isotherms on pure water (pH 5.5) for MGDG and
is compared to the compression Π(𝒜) curves of MGDG obtained by compression on
a Langmuir trough (above a subphase of pure water at pH 5.5). (The period in
which the drop is oscillated at 15 mN/m is demarcated as a jump in the graphs.)
To undertake a comparison of the compression isotherms using the pendant drop and
Langmuir trough methods, the monolayer surface concentrations on the pendant drop
are required. These values are uncertain because the amount deposited during contact
with the chloroform droplet is not known. We choose the reference surface pressure
for which the oscillation is undertaken (here 15 mN/m), and assign the pendant drop
surface concentration at this pressure to be equal to the concentration measured by the
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Table 3.1: Dilatational elastic and viscous moduli of MGDG at a fixed frequency
(0.5 Hz) and surface pressure of 15 mN/m for pure water (PW) and 0.05 wt% 𝜆
carrageenan solution at pH 5.5
Molecule
E’(mN/m)
MGDG(PW)
1.7±0.5
MGDG(0.05 wt%𝜆 carrageenan)
2±0.5
MGDG(0.1wt%𝜆 carrageenan)
2.1±0.5

E”(mN/m)
31±2
59±3
79±5

Langmuir trough experiments for this same surface pressure. With this normalization,
note from the figure that the two isotherms are in agreement, indicating identical films
formed in the pendant drop and Langmuir trough experiments.
Figures 3-4(a) and 3-4(b) plot the measured viscous dilatational modulus 𝐸 ′′ for
three frequencies for MGDG on pure water and MGDG on 0.05 wt% 𝜆 carrageenan
solution at pH 5.5 and a surface pressure of 15 mN/m. Note that 𝐸 ′′ is linear in
the frequency, indicating that the monolayers of both acids behave as a Newtonian
⃒
𝑑𝛾 ⃒⃒
surface fluids [87], i.e.(eq. 2.2) where 𝜅𝑎 is the dilatational viscosity and −Γ𝑜 ⃒ is
𝑑Γ
Γ0

the elasticity of the monolayer. Linear behavior is also obtained when the drop phase
is replaced by 𝜆 carrageenan solution.
Summarized in Table 3.1 are, for the intermediate frequency 0.5 Hz and the surface pressure of 15 mN/m, the dilatational viscous (loss, 𝐸 ′′ ) and elastic (storage, 𝐸 ′ )
moduli for MGDG monolayers on drops with pure water and 𝜆 carrageenan solution.
Measured values for this elasticity are in agreement with values obtained directly
from the Langmuir trough experiments at the surface pressure of the oscillation measurement (15 mN/m). The values of 𝐸 ′ for MGDG on pure water and 0.05 wt% 𝜆
carrageenan solution are close which reflects the similar elasticity as is evident from
the Langmuir trough surface pressure measurements (Fig. 3-2(b)). At surface pressure of 15 mN/m, the slopes of the two pressure area isotherms, MGDG on pure
water and MGDG on 0.05 wt% 𝜆 carrageenan solution, are similar.
The dilatational viscosity 𝜅𝑎 for MGDG on pure water and 𝜆 carrageenan solution
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Figure 3-4: Dilatational viscosity moduli of MGDG on pure water (a) and MGDG on 0.05 wt%𝜆
carrageenan solution (b) at three frequencies demonstrating Newtonian behavior for pure water at
pH 5.5. and 15 mN/m in the range of frequencies 0.1- 1.0 Hz.

Table 3.2: Dilatational Viscosity 𝜅𝑎 (mNs/m) of MGDG monolayers at a fixed frequency (0.5 Hz) and a surface pressure of 15 mN/m on pure and 𝜆 carrageenan
solution at pH 5.5.
Molecule
𝜅𝑎 (mNs/m)
MGDG(PW)
9.5±0.5
MGDG0.05 wt%𝜆 carrageenan
19.5±1.5
MGDG0.1wt%𝜆 carrageenan
26±2
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are obtained from the linear slopes of the plots of 𝐸 ′′ as a function of 𝜔 in Figs. 3-4(a)
and 3-4(b) and are shown in Table 3.2 for subphases of pure water and 𝜆 carrageenan
solution at the surface pressure of 15 mN/m. Above the subphase of 𝜆 carrageenan
solution, the dilatational viscosity of MGDG monolayer is much larger than that
of MGDG on pure water due principally to the fact that the MGDG polar groups
are forming hydrogen bondings with 𝜆 carrageenan molecules which are recruited by
MGDG molecules from the bulk water phase to the water-air interface. The area
per molecule for MGDG on 𝜆 carrageenan solution is ≈ 70 Å2 /molecule, and that
of MGDG on pure water is 48 Å2 /molecule at thr surface pressure of 15 mN/m as
noted from the surface pressure curves. Note that although MGDG monolayer on 𝜆
carrageenan solution is less condensed than the MGDG monolayer on pure water at
surface pressure of 15 mN/m, the effect of hydrogen bonding on increasing dilatational viscosity overwrites the effect of monolayer density on decreasing dilatational
viscosity. As also shown in Table 3.2, the dilatational viscosity of MGDG in 0.1wt%
𝜆 carrageenan solution is ≈ 20 mN/m higher than that of 0.05 wt% 𝜆 carrageenan
solution at same surface pressure 15 mN/m. The indication of this fact is, when the
concentration of 𝜆 carrageenan solution increases, the dilatational viscosity of MGDG
monolayer above increases as well under same surface pressure. Apparently it is because at higher concentration of the 𝜆 carrageenan solution, more 𝜆 carrageenan
molecules are recruited from the bulk water phase to the water-air interface by the
MGDG monolayer at the same surface pressure which then form a larger amount of
hydrogen bondings with MGDG molecules. In return, a MGDG and 𝜆 carrageenan
complex monolayer with super high dilatational viscosity is formed.

3.2.3

X-Ray Reflectivity Measurements

The X-ray reflectivity measurements from an air-water interface with MGDG, 𝜆 carrageenan solution and MGDG spread on 𝜆 carrageenan solution are obtained in a
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Figure 3-5: Schematic of X-ray and X-ray fluorescence experiment
schematic shown in Fig.3-5. The X-ray beams are incident at an angle of incidence 𝛼
to the liquid/air interface. The liquid phase are pure water or 0.05 wt% 𝜆 carrageenan
solution respectively for different experiments. MGDG molecules are deposited onto
the liquid surface leaving its polar group in the liquid phase while its hydrophobic tail
in the air phase. The MGDG molecules will then be compressed by the single moveable barrier until the desired surface pressure (25 mN/m in these cases) is reached.
The X-ray reflectivity R is measured as a function of the incident angle 𝛼. To normalize the reflectivity, the Fresnel reflectivity 𝑅𝐹 of an ideally smooth air-water interface
is used to obtain the normalized reflectivity R/𝑅𝐹 . And the R/𝑅𝐹 is reported as
a function of 𝑄𝑧 = (4𝜋/𝜆)sin(𝛼) which is the wave vector transfer where 𝜆 is the
wave length of the incident X-ray. Herein, we use Parratt method[100] to fit the
X-ray reflectivity data. In this method the electron density at the interfacial region is
divided into multiple slabs and each slab has its own thickness and electron density
profiles. We use the thickness and electron density data to obtain the fitting X-ray
reflectivity curve which is then used to fit the reflectivity curve from the experiment.
After fitting, we obtain the Electron Density Profile (EDP) as a function of depth z.
The first X-ray reflectivity experiment is done for MGDG molecules on pure water
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Figure 3-6: MGDG monolayer at water-air interface with its EDP
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Table 3.3: Fits to data from MGDG on pure water at surface pressure of 25mN/m.
The thicknesses of the 2 slabs d, the electron densities of slabs 𝜌, and the interfacial
roughness 𝜎 are fitting parameters.

Slab No.1
Slab No.2

d (Å)
9.9541
8.7892

𝜌(e/Å3 ) 𝜎 (Å)
0.2911 3.4337
0.4051 3.4337

at surface pressure 25 mN/m. Its reflectivity curve and EDP curve are shown in Fig.37(a) and Fig. 3-7(b) respectively. The estimated MGDG molecules layout in the
interfacial region is shown in Fig. 3-6 with the corresponding electron density profiles
and slabs thicknesses which can be found in Table. 3.3. Since MGDG molecules have
distinct hydrophobic tail and hydrophilic polar group, they fit themselves perfectly at
water-air interface with its tail in the air phase and polar group in the water phase.
In Fig.3-7(a), the normalized reflectivity R/𝑅𝐹 of the MGDG monolayer of 25mN/m
surface pressure on pure water is shown as a function of 𝑄𝑧 along with the Parratt
fitting curve. In this case, a conventional two slabs model is used to fit the reflectivity
curve. The fitting parameters are shown in Table 3.3 where the thicknesses d, the
electron densities of slabs 𝜌, and the interfacial roughness 𝜎 used to fit the reflectivity
curve. The electron densities of two slabs are shown in Fig.3-7(b). In this curve, the
water-air interface locates at z=10 Å. Slab number 1 locates in the range roughly
from z=0 Åto z=10 Å, and the hydrophobic tails of MGDG molecules are included in
this slab. Slab number 2 locates roughly from z=10Åto z=18Å, and this slab includes
the polar groups of MGDD molecules as well the water molecules around the polar
group of MGDD molecules. Z > 18 Åis just bulk water phase which has the constant
electron density of 0.333 e/Å3 .
We use the fitting parameters of Slab No.1 which contains the hydrophobic tails
of MGDG molecules to calculate the surface concentration 𝒜𝒮 (Å2 /molecule) and
the corresponding Γ𝑆 =1/𝒜𝒮 (molecule/Å2 ) of MGDG molecules at pure water-air
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(a)

(b)

Figure 3-7: (a) X-ray reflectivity measurement of MGDG on pure water at 25 mN/m surface
pressure (b) Electron density profile(EDP) of MGDG on pure water at 25 mN/m surface pressure.
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interface using Equation 3.2,

𝑑1 𝜌1 = Γ𝑠 𝑒𝑇𝑠

(3.2)

where the subscript 1 is the number of each slab, 𝑑1 is the thickness of the slab, 𝜌1 is
the electron density of the slab, and e𝑇𝑠 = 246 e/molecule is the number of electrons
contained in the hydrophobic tail group of MGDG molecule in that slab. In this case,
the calculated surface concentration 𝒜𝒮 of MGDG on pure water at surface pressure
of 25mN/m is 90.4 (Å2 /molecule) (or its corresponding Γ𝑠 = 0.011 molecule/Å2 )
which is in agreement with the corresponding 𝒜𝒮 value of the Π(𝒜) curve of MGDG
used for X-ray experiment shown in Fig. 3-1(b), which is ≈ 95 (Å2 /molecule).
The fitting parameters of Slab No.2 are also used to calculate the concentration of
water molecule in Slab No.2 and the molar volume of the MGDG polar group using
two equations as shown in Equation 3.3.

𝜌2 𝑑2 = Γ𝑤 𝑒𝑤 + Γ𝑠 𝑒𝐻
𝑠
𝑑2 = Γ𝑤 𝑉𝑤 + Γ𝑠 𝑉𝑠𝐻
(3.3)

The first equation is the electron balance equation of Slab No.2 where the known
values are, 𝜌2 the electron density of Slab No.2, 𝑑2 the thickness of the slab, Γ𝑆
the concentration of MGDG polar group calculated from fitting parameters of Slab
No.1, 𝑒𝑤 the number of electrons in each water molecule which is a constant (𝑒𝑤 =10
e/molecule), and e𝐻
𝑠 = 162 e/molecule the number of electrons in MGDG molecule
head group. The only unknown value in the first equation is Γ𝑤 which is the concentration of water molecules in Slab No.2. The second equation is the volume balance
equation of the slab, where the known values are 𝑉𝑤 = 30 Å3 /molecule the molar
volume of water molecule, 𝑑2 and Γ𝑆 . The unknown values are Γ𝑤 and V𝐻
𝑠 the mo89

lar volume of the head group of MGDG molecule. So we use these two equations
3
to find out the values of the two unknowns. The results are V𝐻
𝑠 =315 Å /molecule

and Γ𝑤 =0.176 molecule/ Å2 . The ratio of Γ𝑤 /Γ𝑠 = 15.8 meaning that each MGDG
molecule polar group is surrounded by 15.8 water molecules. Since the size of the polar group of MGDG molecules will not change in different cases, we will use the value
3
of molar volume of MGDG polar group V𝐻
𝑠 =315 Å /molecule for future calculation.

The second X-ray reflectivity with fluorescence experiment performed is the 0.05
wt% 𝜆 carrageenan and 10 mM calcium cation 𝐶𝑎++ solution without MGDG molecules
on its surface.The X-ray reflectivity, its EDP and fluorescence intensity curves are
shown in Fig.3-9(a) , Fig.3-9(b) and Fig.3-9(c) respectively. Fig.3-8 shows the interfacial arrangement of 𝜆 carrageenan molecules as well as the calcium cations surrounding by it. The EDP curve contained in this figure shows the electron density
profile with respect to different depth in the interfacial region. In this case, unlike
the MGDG molecule which has a distinct hydrophobic chain and a hydrophilic polar
group which can be fitted into two separate slabs, the 𝜆 carrageenan molecules are
water soluble. Herein we use an infinite slabs model introduced by Parratt [107] along
with Equation 3.4, where 𝐸𝑡 is the total number of electrons of all slabs obtained by
integration of the EDP curves for the range of d =65 Å(from z=0 Åto z=65 Å) which
is shown in the second equation of Equation 3.4 to calculate the surface concentration
of 𝜆 carrageenan molecules.
Herein, the molecular weight of 𝜆 carrageenan molecule used is 360 kDa from
J.Cerar et al [108]. The calculated partial molar volume of 𝜆 carrageenan molecule is
𝑉𝜆 =359163 Å3 /molecule (calculation process shown in Appendix ) and the number of
electron of each 𝜆 carrageenan molecule is 𝑒𝜆 ≈ 185454 e/molecule. The number of
electron of calcium cation is 𝑒𝐶𝑎 ≈ 18 e/molecule and the molar volume of calcium
cation 𝑉𝐶𝑎 is ≈ 4.12 Å3 (calculated by V=4/3𝜋r3 , r=1 pm). The surface concentration
of calcium cation 𝐶𝑎++ (Γ𝐶𝑎 =0.0054 cation/Å2 ) is obtained from the fluorescence in90

Figure 3-8: 0.05 wt% 𝜆 carrageenan and 10 mM calcium cation 𝐶𝑎++ solution at
water-air interface with its EDP

tensity data using the method by Wei et al [109]. Therefore based on those known
parameters, the calculated unknown values surface concentration of 𝜆 carrageenan
molecule is Γ𝜆 ≈ 7.5 e-6 molecule/Å2 and the concentration of water molecule in this
case is Γ𝑤 ≈ 2.07 molecule/Å2 . The ratio of Γ𝑤 /Γ𝜆 = 2.76 e+5. Therefore, at the
interface region of 𝜆 carrageenan solution, each 𝜆 carrageenan molecule is surrounded
by ≈ 2.76 e+5 water molecules and there are 430 water molecules surrounding around
each repeating unit of 𝜆 carrageenan molecule. Comparing with the value of MGDG
which is 15.8, the number of water molecules surrounding around each 𝜆 carrageenan
molecule is much bigger than that of MGDG polar group. This is because the molecular size of 𝜆 carrageenan molecule is much larger than the molecular size of MGDG
polar group. Besides, the ratio of Γ𝐶𝑎 /Γ𝜆 = 720, meaning that each 𝜆 carrageenan
molecule is surrounded by 720 calcium cations. As noted that each repeating unit
of 𝜆 carrageenan molecule has three negative charges, those negative charges are capable binding with cations around them. From the calculation in this case, each 𝜆
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(a)

(b)

(c)

Figure 3-9: X-ray experiment curves of 0.05 wt% 𝜆 carrageenan solution with 10mM 𝐶𝑎++ (a)
X-ray reflectivity (b) Electron density profile(EDP) (c) Fluorescence intensity
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Table 3.4: Fits to data from MGDG on 0.05 wt% 𝜆 carrageenan solution at surface
pressure of 25mN/m. The thicknesses of the 3 slabs d, the electron densities of slabs
𝜌, and the interfacial roughness 𝜎 are fitting parameters.

Slab No.1
Slab No.2
Slab No.3

d (Å)
10.4926
11.4868
22.1577

𝜌(e/Å3 ) 𝜎 (Å)
0.1669 3.0584
0.4151 3.0584
0.3377 3.0584

carrageenan molecule repeating unit is bonded to 1.12 calcium cations around it.

𝐸𝑡 = Γ𝑤 𝑒𝑤 + Γ𝜆 𝑒𝜆 + Γ𝐶𝑎 𝑒𝐶𝑎
𝑑 = Γ𝑤 𝑉𝑤 + Γ𝜆 𝑉𝜆 + Γ𝐶𝑎 𝑉𝐶𝑎
(3.4)

The other X-ray reflectivity experiment is done for MGDG on 0.05 wt% 𝜆 carrageenan solution at surface pressure of 25 mN/m. The X-ray reflectivity and its EDP
curves are shown in Fig.3-11(a) and Fig.3-11(b) respectively. Fig.3-10 has displayed
the schematic structure of MGDG molecules and 𝜆 carrageenan molecules in the interfacial region. As inspired by the pressure area isotherm and dilatational viscosity
experiments results, it is clear with the presence of MGDG monolayer at the water-air
interface, a certain amount of 𝜆 carrageenan molecules are recruited from bulk water
to the interface region because of hydrogen bondings formed between head groups
of MGDG molecules and 𝜆 carrageenan molecules as shown in Fig. 3-10. A concentrated layer of 𝜆 carrageenan molecules is therefore formed near the MGDG head
group layer region with part of the repeating unit ring structures of 𝜆 carrageenan
molecules sticking into the MGDG layer. The MGDG layer is then pushed apart
because of the concentrated 𝜆 carrageenan layer. We use a three slabs model to the
reflectivity curve for this case. The fitting parameters are shown in Table. 3.4.
Slab No.1 locates in the air phase above water interface whose height is 10.4926
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Figure 3-10: MGDG on 0.05 wt% 𝜆 carrageenan solution with its EDP
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(a)

(b)

Figure 3-11: X-ray experiment curves of MGDG on 0.05 wt% 𝜆 carrageenan solution at surface
pressure of 25 mN/m(a) X-ray reflectivity (b) Electron density profile(EDP)
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Å and it contains only the hydrophobic tail of MGDG molecules. Therefore, from
the fitting data of slab No.1 we calculate the area per molecule 𝒜𝒮 of MGDG using Equa. 3.2. The calculated result 𝒜𝒮 =149.6 Å2 /molecule (corresponding is Γ𝑠1 =
0.00668 molecule/Å2 )which is ≈ 49 Å2 /molecule larger than the corresponding value
obtained from its Π(𝒜) curve at the pressure of 25 mN/m. Slab No.2 locates in the
water phase from water-air interface to 11.4868 Å below and it contains three components, they are MGDG head groups, water molecules and 𝜆 carrageenan molecules.
Equa.3.5 is used as governing equation to solve to unknowns in slab No.2 which
are surface concentration of water molecule Γ𝑤2 and surface concentration of 𝜆 carrageenan molecules Γ𝜆2 .
𝜌2 𝑑2 = Γ𝑤2 𝑒𝑤 + Γ𝜆2 𝑒𝜆 + Γ𝑠 𝑒𝐻
𝑠
𝑑2 = Γ𝑤2 𝑉𝑤 + Γ𝜆2 𝑉𝜆 + Γ𝑠 𝑉𝑠𝐻
(3.5)

Here, 𝜌2 = 0.4151 e/Å2 and 𝑑2 =11.4868 Åcan be found in Table. 3.4. Γ𝑠 = 0.00668
molecule/Å2 is obtained from Slab No.1. e𝐻
𝑠 = 162 e/molecule which is the number
3
of electrons in the polar group of MGDG molecule. V𝐻
𝑠 = 315 Å /molecule the molar

volume of the polar group of MGDG molecule. The calculated surface concentration
of 𝜆 carrageenan molecules and water molecules are Γ𝜆2 = 8.56e-6 molecule/Å2 and
Γ𝑤2 = 0.21 molecule/Å2 . In this case, the ratio of Γ𝑤2 /Γ𝜆2 = 24532 meaning that each
𝜆 carrageenan molecule is surrounded by ≈ 24532 water molecules and each repeating
unit of 𝜆 carrageenan molecule is surrounded by 38.2 water molecules. Comparing
with the results obtained for 𝜆 carrageenan solution without MGDG molecules we
notice that in the case where MGDG molecules are deposited onto the 𝜆 carrageenan
solution, the surface concentration of 𝜆 carrageenan molecules is 8.56e-6 molecule/Å2
which is higher than that without MGDG molecules which is 7.5e-6 molecule/Å2 . It
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indicates that, with the presence of MGDG molecules at the water-air interface, ≈
15% more 𝜆 carrageenan molecules are recruited from the bulk water to the interface
and this further proves our assumption with solid evidence.

The other slab, slab No.3 is located right below Slab No.2 and it has a thickness of
22.1577 Å. There are two components in this slab, water molecules and 𝜆 carrageenan
molecules. We use Equa. 3.6 as governing equation to solve the two unknowns in this
slab which are bulk concentration of water molecules Γ𝑤3 and bulk concentration of 𝜆
carrageenan molecules Γ𝜆3 . In slab No.3 since there is no MGDG molecules, the value
of Γ𝑠 is zero. 𝜌3 = 0.3377 e/Å2 and 𝑑3 =22.1577 Åfrom Table. 3.4. Therefore, the
calculated Γ𝑤3 = 0.722 molecule/Å2 and Γ𝜆3 =1.4e-6 molecule/Å2 . In slab No.3 the
ratio of Γ𝑤3 /Γ𝜆3 = 519424 meaning that each 𝜆 carrageenan molecule is surrounded
by ≈ 519424 water molecules and each repeating unit of 𝜆 carrageenan molecule is
surrounded by 809 water molecules. We notice that in slab No.3, there are more
water molecules surrounding around each 𝜆 carrageenan molecule. The reason is slab
No.3 does not contain MGDG polar groups, therefore there are more empty space for
water molecules to fit into. In other words, part of the water molecules in slab No.2
are excluded by the polar groups of MGDG molecules.

𝜌3 𝑑3 = Γ𝑤3 𝑒𝑤 + Γ𝜆3 𝑒𝜆
𝑑3 = Γ𝑤3 𝑉𝑤 + Γ𝜆3 𝑉𝜆
(3.6)

The last X-ray reflectivity with fluorescence experiment is MGDG on 0.05 wt% 𝜆
carrageenan and 10 mM calcium cation 𝐶𝑎++ solution at surface pressure 25 mN/m.
The X-ray reflectivity, its EDP and fluorescence intensity are shown in Fig.3-13(a) ,
Fig.3-13(b) and Fig.3-13(c) respectively. Fig.3-12 shows the schematic arrangement
of the three components, MGDG, 𝜆 carrageenan molecules and calcium cations in
97

Figure 3-12: MGDG on 0.05 wt% 𝜆 carrageenan 10 mM calcium cation 𝐶𝑎++ solution
with its EDP

this case. Similar with MGDG on 𝜆 carrageenan solution, 𝜆 carrageenan molecules
are also recruited from the bulk water to the interfacial region because of hydrogen
bonding formed between them and the polar groups of MGDG molecules. However,
in this case the concentrated layer of 𝜆 carrageenan molecules also recruit calcium
cations from the bulk water to the interface region because of the cation bonding
formed between negatively charged 𝜆 carrageenan molecules and calcium cations.
Therefore those recruited calcium cations excluded part of the water molecules as
well as 𝜆 carrageenan and MGDG molecules from the interfacial region. To calculate
the surface concentration of different molecules in this case, we also use a three slabs
model to fit the reflectivity curve. The fitting parameters of three slabs are shown in
Table. 3.5.
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(a)

(b)

(c)

Figure 3-13: X-ray experiment curves of MGDG on 0.05 wt% 𝜆 carrageenan solution with 10mM
𝐶𝑎++ (a) X-ray reflectivity (b) Electron density profile(EDP) (c) Fluorescence intensity

99

Table 3.5: Fits to data from MGDG on 0.05 wt% 𝜆 carrageenan 10mM 𝐶𝑎++ solution
at surface pressure of 25mN/m. The thicknesses of the 3 slabs d, the electron densities
of slabs 𝜌, and the interfacial roughness 𝜎 are fitting parameters.

Slab No.1
Slab No.2
Slab No.3

d (Å)
8.8321
9.08
18.9699

𝜌(e/Å3 ) 𝜎 (Å)
0.2087 3.0584
0.4303 3.0584
0.3405 3.3166

In this case, Slab No.1 is located in the air phase and it contains only the hydrophobic tail of MGDG molecules. We use the fitting data of slab No.1 as shown in Table.
3.5 to calculate the surface concentration of MGDG 𝒜𝒮 using Equa. 3.2. The calculated result 𝒜𝒮 = 142.1 Å2 /molecule (corresponding is Γ𝑠 = 0.007 molecule/Å2 )which
is ≈ 45 Å2 /molecule larger than the corresponding value obtained from its Π(𝒜)
curve at the pressure of 25 mN/m. In slab No.2, there are four components in this
slab, the polar groups of MGDG molecules, 𝜆 carrageenan molecules, calcium cations
and water molecules. Equa. 3.7 is used as governing equations to solve the two unknowns, surface concentration of water molecules Γ𝑤2 and surface concentration of 𝜆
carrageenan molecules Γ𝜆2 for each components in this slab. The known values are,
electron density of this slab 𝜌2 = 0.4303 e/Å2 and the thickness of this slab 𝑑2 =9.08
Åfrom Table. 3.5, surface concentration of MGDG molecules Γ𝑠 =0.007 molecule/Å2
obtained from calculation of slab No.1, electron density of MGDG polar group e𝐻
𝑠 =162
3
e/molecule and molar volume of MGDG polar group V𝐻
𝑠 = 315 Å /molecule, surface

concentration of calcium cations Γ𝐶𝑎2 = 0.009843 cation/Å2 which is calculated from
the fluorescence fitting data shown in Fig. 3-13(c) using the method by Wei et al
[109], the molar volume of calcium cation 𝑉𝐶𝑎 = 4.18 Å3 /molecule and the electron
density of calcium cation 𝑒𝐶𝑎 = 18 e/molecule, molar volume of water molecule 𝑉𝑤 =
30 Å3 /molecule and electron density of water molecule 𝑒𝑤 = 10 e/molecule, the molar
volume of 𝜆 carrageenan molecule 𝑉𝜆 = 359163 Å3 /molecule and the electron density
of 𝜆 carrageenan molecule 𝑒𝜆 = 185454 e/molecule. The calculated two unknown val100

ues are Γ𝑤2 = 0.17 molecule/Å2 and Γ𝜆2 = 4.85e-6 molecule/Å2 . The ratio of Γ𝑤2 /Γ𝜆2
= 35051 meaning that each 𝜆 carrageenan molecule is surrounded by ≈ 35051 water
molecules and each repeating unit of 𝜆 carrageenan molecule is surrounded by 55 water
molecules. Besides water molecules, herein the 𝜆 carrageenan molecules are also surrounded by calcium cations as well. The ratio of Γ𝐶𝑎 /Γ𝜆 = 2020, meaning that each 𝜆
carrageenan molecule is surrounded by 2020 calcium cations. And each 𝜆 carrageenan
molecule repeating unit is surrounded by 3.15 calcium cations. Comparing with those
values for the cases where we have MGDG on 𝜆 carrageenan solution without calcium
cations and pure 𝜆 carrageenan solution without MGDG on the surface, we notice
that the surface concentration of 𝜆 carrageenan molecules Γ𝜆 is smaller than that of
both other two cases. Moreover, the surface concentration of water molecules Γ𝑤2
is also smaller here. However, the surface concentration of calcium cations Γ𝐶𝑎 and
the number of calcium cations surrounding by each repeating unit of 𝜆 carrageenan
molecule (=3.15) are the highest in all cases. The reason behind this is because in this
case where we have water molecules, MGDG molecules, 𝜆 carrageenan molecules as
well as calcium cations, a larger amount of divalent cations (𝐶𝑎++ ) bind to the negatively charged 𝜆 carrageenan molecules. Therefore, those calcium cations exclude
water molecules and part of the 𝜆 carrageenan molecules from this slab which reduces the surface concentration of the two components. More evidence can be found
from the ratio of Γ𝐶𝑎 /Γ𝜆 which equals to 2020. Comparing with the the value of
Γ𝐶𝑎 /Γ𝜆 in the case of pure 𝜆 carrageenan solution without MGDG which equals to
720. Three times more calcium cations are surrounding around each 𝜆 carrageenan
molecule in this case. Since each repeating unit of 𝜆 carrageenan molecule has three
negative charges while the each repeating unit of ration of 𝜆 carrageenan molecule is
bonded by 3.15 calcium cations, we believe that in this case, all negative charges on
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𝜆 carrageenan molecule are bonded with calcium cations.

𝜌2 𝑑2 = Γ𝑤2 𝑒𝑤 + Γ𝜆2 𝑒𝜆 + Γ𝑠 𝑒𝐻
𝑠 + Γ𝐶𝑎2 𝑒𝐶𝑎
𝑑2 = Γ𝑤2 𝑉𝑤 + Γ𝜆2 𝑉𝜆 + Γ𝑠 𝑉𝑠𝐻 + Γ𝐶𝑎2 𝑉𝐶𝑎
(3.7)

Slab No.3 contains three components here which are 𝜆 carrageenan molecules, water
molecules and calcium cations. We use Equa. 3.8 to obtain Γ𝜆3 and Γ𝑤3 , herein
Γ𝑠 = 0 because there is no MGDG molecules in this slab. 𝜌3 = 0.3405 e/Å2 and 𝑑3
=18.9699 Åfrom Table. 3.5. And we make the assumption that Γ𝐶𝑎3 equals to 0 in
this slab based on two reasons, first of all the fluorescence experiment only picks up
signal from the depth right below water surface which is slab No.2. Additionally, as
most of the calcium cations are bonded to the 𝜆 carrageenan molecules in slab No.2,
there concentration of calcium cations in slab No.3 is too small and can be negligible.
Therefore, the calculated values for concentration of 𝜆 carrageenan molecules Γ𝜆3 = 2e6 molecule/Å2 and concentration of water molecules Γ𝑤3 = 0.6 molecule/Å2 . And the
ratio of Γ𝑤3 /Γ𝜆3 =300000. Comparing with the values of Slab No.2 we notice that,
in Slab No.3 the concentration of 𝜆 carrageenan molecules is smaller than that of
Slab No. 2 which is in agreement with the case of MGDG molecule on 𝜆 carrageenan
solution without calcium cations. 𝜆 carrageenan molecules are recruited by MGDG
monolayer from the bulk water phase to the water-air interface in both cases. Besides,
the concentration of water molecules is larger than that of Slab No.2 because there
are more empty room in this slab where water molecules can fit into. All calculated
surface concentrations of different molecules of each slabs in different experiments
have been shown in Table. 3.6 for a clear display.
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Table 3.6: Calculated surface concentrations (molecule/Å2 or cation/Å2 ) of different
molecules of each slabs in different experiments

MGDG on Pure Water
𝜆 Carrageenan Solution
MGDG on 𝜆 Carrageenan Solution
MGDG on 𝜆 Carrageenan Solution with Ca++

Γ𝑠
0.011
NA
0.00668
0.007

Γ𝑤2
Γ𝑤3
0.176 NA
2.07
NA
0.21 0.722
0.17
0.6

Γ𝜆2
NA
7.5e-6
8.56e-6
4.8e-6

Γ𝜆3
Γ𝐶𝑎
NA
NA
NA
0.0054
1.4e-6
NA
2e-6 0.0098

𝜌3 𝑑3 = Γ𝑤3 𝑒𝑤 + Γ𝜆3 𝑒𝜆
𝑑3 = Γ𝑤3 𝑉𝑤 + Γ𝜆3 𝑉𝜆
(3.8)

3.3

Conclusion

The studies in this chapter focus on understanding the interaction between the polar
groups of MGDG molecules and 𝜆 carrageenan molecules at certain surface pressure.
In other words, when a liquid like monolayer of MGDG molecules is formed at the
water-air interface, how it will affect the 𝜆 carrageenan molecules in the bulk water
phase. Moreover, we also study how the interaction affect the interfacial properties
and surface layout of MGDG monolayer. The purpose of this study is to know the
effects of marine polysaccharides on chemical herding method for maritime oil spill
remediation.
The important conclusions of interaction between MGDG and 𝜆 carrageenan
molecules are:
1. 𝜆 carrageenan molecules are not surface active by themselves. However, when
103

insoluble surfactants like MGDG are deposited on the water surface, 𝜆 carrageenan molecules will be recruited from the bulk water phase the water-air
interface because of the hydrogen bondings formed between MGDG polar groups
and 𝜆 carrageenan molecules. The hydrogen bondings are stronger than the Van
der Waals interactions between MGDG molecules, therefore they increase the
surface pressure of MGDG pressure area isotherm by ≈ 5 mN/m. Artificial
sea salt does not affect the pressure area isotherm of MGDG because the polar
groups of MGDG molecules are not charged. Unlike phytanic acid and palmitic
acid, no cation bonding is formed for MGDG molecules.

2. From the results of oscillating pendant drop experiments of MGDG, it is known
that the MGDG monolayer behaves as a Newtonian surface fluid because its
dilatational viscosity is linear as a function of the oscillating frequency. Additionally, the dilatational viscosity of MGDG monolayer on 𝜆 carrageenan solution is higher than that on pure water. It indicates that the hydrogen bonding
interactions between MGDG molecules and 𝜆 carrageenan molecules can not
only increase the surface pressure but also increase the dilatational viscosity of
the monolayer. And this desired increase in dilatational viscosity contributes
for the application of MGDG as chemical herders on wavy surfaces. Moreover,
when increasing the bulk concentration of 𝜆 carrageenan solution, the measured dilatational viscosity of MGDG monolayer is further increased meaning
that there are more 𝜆 carrageenan molecules been recruited from the water bulk
phase to the water-air interface forming a larger amount of hydrogen bonding
there.

3. The X-ray experiments results have shown the surface concentration of different
molecules in the water-air interfacial region quantitatively. From the calculation
of MGDG molecules surface concentration, the value matches the corresponding
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area per molecule value from the MGDG pressure area isotherm. The calculated surface concentrations of 𝜆 carrageenan molecules show that when MGDG
molecules are present at the water-air interface, more 𝜆 carrageenan molecules
are recruited from the bulk water phase to the water-air interface.
4. Finally, the X-ray fluorescence experiments have shown that calcium cations can
bind to the negative charges on 𝜆 carrageenan molecules and they are recruited
from the bulk water phase to the water-air interface region because of the cation
bonding. Besides, the calcium cations will exclude water molecules as well as
part of the MGDG molecules and 𝜆 carrageenan molecules from the interfacial
region as the surface concentrations of those types of molecules decrease with
the presence of calcium cations in the interfacial region.
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Chapter 4
Pan Scale Experiments on Chemical
Herding of MGDG

4.1

Introduction

The explosion on the British Petroleum’s Deepwater oil rig floating in the Gulf of
Mexico in 2010 released, over a period of months, nearly five million barrels of oil
onto the sea surface, resulting in catastrophic effects on the marine ecosystem because the spill could not be effectively and rapidly contained and remediated. This
disaster - and other environmentally damaging spills due to maritime accidents in
the shipping of crude oil (Exxon Valdez (1989) and Torrey Canyon (1977)), as well
as other floating oil rig blowouts (Santa Barbara Channel Pipeline Blowout (1969))
- have called attention to the fact that despite much effort, methods for combating
maritime spills, especially large ones, are still inadequate. As the US continues to
pursue off-shore drilling, and even envisions opening the Arctic Ocean to oil exploration, more effective methods for containing and remediating oil spills are necessary.

To date the two principal methods for the remediation of a maritime oil spill are
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the use of encircling floating booms to corral and compress the spill slick so that it
can be skimmed or burned, or the use of surfactant dispersants which are added to
the slick for the purposes of emulsifying the slick into droplets that become dispersed
in the water column for bidegradation. These methods are not without their disadvantages: Deployment of circling booms is costly, requiring ships to tow the booms.
Further, the method can be difficult to employ in circumstances (such as in the Arctic
with floating ice) where the towing ships may have difficulty entering the spill site
or maneuvering within the site. Dispersant remediation typically takes an extended
time, and the surfactant dispersants have themselves caused concern as to the potential harm to the ecosystem.

With the above drawbacks as a context, this study focuses on a third methodology, chemical herding, in which surfactant molecules are added to the periphery of
the spread slick to lower the air/sea surface tension so that the oil lens retracts upon
itself Fig. 4-1a,b. Once retracted to a sufficient thickness, the oil layer can be burned
or skimmed off of the surface as with the use of booms. This technology has been
studied beginning more than four decades ago, and field tests have shown the viability
of the approach, and have identified two surfactants, the hydrocarbon surfactant, sorbiton monolaurate (Span 20 or Thickslick 6535) and a polydimethylsiloxane polymer
surfactant (OP-40) as effective herders. This two herders are currently on the U.S.
EPA National Contingency Plan. However, OP-40, because of its polymeric nature,
has the potential to bio-accumulate and is therefore not ecofriendly. In addition, neither of these surfactants work particularly well in the presence of seas with surface
waves and this drawback, along with the possible damage of the herders used on the
marine biota, are the principle reasons herding has not been used extensively.

The aim of this research is to identify surfactant molecules which can be used

108

chemical herder sprayed
around spill
minutes
Spray herder
around slick

γo
γw/o
native surface active
species in oil

(a)

γw
water

(b)

tension reduced at
air/water interface
contracts slick
γo
γw

S<0

γw/o

(c)

Figure 4-1: Chemical herding for oil spill remediation: (a) A surfactant is sprayed by air around
the oil spill forming a monolayer at the air/water interface of the sea. (b) The reduction in the
air/water tension 𝛾𝑤 causes the oil layer to contract as the air/oil and oil/water tensions pull back
on the slick and the spreading coefficient becomes less than zero. (c) monogalactosyldiacylglycerol
(MGDG) a unsaturated glycolipid used as a potential chemical herding agent.

as effective chemical herders, and are safe to use in a marine environment. An additional aim is to select the herders from the point of view that they have the potential
to be effective when the air/sea interface is not calm. In this investigation we study
as a potential herder, monogalactosyldiacylglycerol (MGDG), a glycolipid which is
the principle constituent of the thylakoid membranes of chloroplasts, the organelle
responsible for photosynthesis in green plants and present in abundance in the maritime environment Fig. 4-1c. As such MGDG is naturally ecofriendly with well
defined degradation pathways in the marine biota. MGDG is an unsaturated lipid
with a galactose headgroup.

In previous work (Chapter 3) we have demonstrated through a study of the interfacial properties of MGDG, that this amphiphile, spread on the surface of a Langmuir
trough, can develop surface pressures large enough to herd oil. We have also demonstrated that MGDG can bind to the water polysaccharides naturally present in the
sea surface. We demonstrated this effect by undertaking surface pressure experiments
using as a model polysaccharide 𝜆 carrageenan. Direct measurements of the binding were obtained using x-ray reflectivity measurements to quantitatively measure
the abound bound to the monolayer. Through this binding, the surface pressure of
MGDG is increased to facilitate its herding action. With regard to its ability to herd
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under wave action, we note that because of its unsaturated chains and relatively large
headgroup MGDG forms a liquid-like monolayer at an air-water interface rather than
the solid-like layers formed by lipids with saturated chains and smaller polar groups.
As such herding monolayers of MGDG are more resilient under the area expansion
and contraction which accompanies wave action with the liquid behavior allowing the
monolayer to contract or expand to maintain a surface coverage sufficient for herding.
These fluid layers are also observed when MGDG binds to the polysaccharide, and
we note this binding should contribute to keeping the monolayer intact during the
area compression/expansion cycles of wave action. Lastly, our measurements of the
dilatational viscosity of the MGDG monolayer shows a large viscosity which increases
as with binding of 𝜆 carrageenan. (The higher the concentration of carrageenan in
the subphase, the greater the dilatational viscosity). This latter result also demonstrates the ability of MGDG to bind to the carrageenan, and the large viscosities can
contribute to damping surface waves by dissipating the fluid wave energy.

To examine the ability of MGDG to herd oil, we design a pan scale experiment
in which oil is first deposited on the inside surface of a teflon ring floating on the
air/water surface of a liquid layer filling a pan. To measure precisely the surface pressures that are applied by the MGDG to contract the oil, and the transient measurements of the relaxation in surface pressure as the oil slick is contracted, a Wilhelmy
rectangular paper plate is inserted into the interface at a position outside of the ring
and in the space between the ring and the pan perimeter. (The downward force on
the plate in the liquid is measured by an electrobalance to obtain the tension.) The
ring is lifted to initiate the herding process, and an overhead camera records the compression of the slick so that by locating the circumference of the slick as a function
of time from the digital images of the video the area contraction can be obtained.
The contraction of the oil lens will be examined as a function of different levels of the
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initial surface pressure of MGDG applied to the slick, and the presence of carrageenan
in the subphase. More details are provided in the experimental section.

4.2
4.2.1

Materials and Experimental Procedures
Materials

Ultrapure water is obtained from a Milli-Q water filtration unit (EMD Millipore)
with a resistivity of 18.2 MΩcm. Ethanol and chloroform (both HPLC grade), 𝜆 carrageenan, and artificial sea salt are obtained from Sigma-Aldrich and all used without
modification. Artificial Sea Water (ASW) is prepared by dissolving artificial sea salt
mixture (Sigma-Alrich) into ultrapure water, total molarity 0.53M. The electrolyte
composition is same as in Table 2.1. MGDG is purchased from Avanti Polar Lipids,
Inc. and used as received. Chloroform solutions of MGDG are made in 5 ml amber
colored vials (Fisher) and stored at 2∘ C. All glassware are cleaned by sonication with
ultrapure water, then ethanol and finally ultrapure water. The Teflon surfaces of the
trough for the experiment is cleaned using Kimwipes (Fisher) soaked with ethanol
and ultrapure water.

The petroleum crude used is a gift from ExxonMobil Research and Engineering Co.
(EMRE, Clinton, NJ). The properties of the oil, as characterized at EMRE are: Dielectric constant, 𝜀, =2.5 and electrical conductivity, 𝜎 = 1.1×10−8 S/m (both measured by an impedance analyzer, Agilent); viscosity 𝜇 = 0.023 kg m−1 s−1 (cone and
plate viscometer) and density 𝜌 = 8.75×102 kg m−3 (All data at 20𝑜 C, temperature
of experiments). The asphaltene content of the crude was obtained by extraction of
the asphaltene with heptane (see e.g. ASTM 863-69 standard), and the asphaltene
content was 0.5 percent by weight and visually the crude appeared opaque.
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4.2.2

Dynamic Tension Measurements

Dynamic surface tensions at the air/oil and water/oil interfaces were measured using a
pendant bubble tensiometer (Attension Theta, Biolin Scientific, Stockholm, Sweden).
For the oil/water interfacial tension measurements, pure water is placed in a quartz
cell arranged in an optical train between a light source and a camera. An inverted (16
gauge) hollow needle is positioned in the water, and a pendant drop of crude (volume
≈ 22 𝜇ℓ) is formed at the tip of the needle by connecting the needle via teflon tubing
to a Hamilton gas sight syringe filled with the crude and loaded in a syringe pump
(PhD, Harvard Apparatus), and programming the pump to push air through the
tubing and needle. The light source creates a silhouette of the pendant bubble onto
the imaging lens of the camera. By using edge detection to compute the interfacial
locus of the pendant bubble form, and comparing the bubble shape to solutions of the
Young-Laplace equation, the surface tension of the bubble interface can be obtained.
Dynamic tensions after the creation of the oil drop as surface active materials in the
crude (particularly the asphaltenes) adsorb to the surface are obtained by recording
the changing bubble shape due to the tension relaxation as a function of time and
obtaining the tension from the recorded images using the Young-Laplace equation.
The bubble images were recorded for several hundred seconds, at a frame rate of 3.5
fps. Before each experiment, the syringe, needle and quartz cell were cleaned with
deionized (DI) water followed by sonication for 60 mins. Each experiment was started
with measuring the surface tension of the clean air/water interface using DI water
and verifying that the tension was in the range of 72.8± 0.3 mN/m the reference
value of water at 20∘ C. The dynamic tension of the air/oil interface is measured by
forming a pendant drop on a straight (16 gauge) needle, positioned in the quartz cell
(with air only in the cell).
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Figure 4-2: Pan scale oil spill remediation experiment setup

4.2.3

Pan Scale Herding Experiment

The experimental setup is shown in Fig. 4-2. A trough (pan) is milled out of a square
teflon block of size 30 cm x 30 cm, and 2 cm in depth. The milled pan has a surface
area of 694 cm2 and 1 cm depth. Pure water or ASW with/without 𝜆 carrageenan
are poured into the pan as the subphase for the experiments. A teflon ring of an
inner diameter of 10.7 cm(inner area ≈ 90 cm2 ) is hung and floats at the water/air
interface. For each experiment, ≈ 3 ml crude oil is poured inside the ring which
confines the floating oil lens to within the ring. The MGDG molecules are deposited
onto the water surface by adding its chloroform solution to the surface outside of
the ring. The addition of the surfactant is done in steps, with the surface tension
continually monitored until the target surface pressure for the herding is reached. In
the stepwise additions, ≈ 15 minutes is given to let the chloroform evaporate and
allow the surfactants to form a monolayer on the water surface. After that, the ring
is lifted over by hand to release the previously confined oil slick, and the movement of
the oil slick is recorded by camera (Rebel 3, Cannon) positioned above the pan. At
the corner of the pan there is a Wilhelmy paper plate whose bottom is in contact with
the water/air interface while its top is connected to an electrobalance which records
the surface tension for the duration of the experiment.
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(a)

(b)

(c)

Figure 4-3: Surface area enclosed using ImageJ (a) Crude oil confined in teflon ring (b) Crude oil
spreads on pure water 2 seconds after ring is lifted (c) Crude oil spreads on pure water 20 minutes
after ring is lifted

4.2.4

Calculation of Oil Area During Herding

To calculate the surface area of the oil slick at different stages of the herding process,
we use ImageJ on digital images to construct a circumference around the oil slick
by picking multiple points on the edge of the oil slick as shown in Fig.4-3 for a
representative experiment. ImageJ converts the enclosed area into a certain number
of pixels, for example in Fig.4-3(a) the surface area of the oil slick which equals to the
inner area of the ring ≈ 90 cm2 is converted into 1220 x 1072 pixels. From the ratio of
the surface area 90 cm2 and the number of pixels 1220 x 1072, we know that 1 pixel =
0.00006882 cm2 . The areas of oil slicks in Fig.4-3(b) and Fig.4-3(b) are converted into
950 x 612 and 632 x 575 pixels respectively. Therefore, their corresponding surface
area are ≈ 40 cm2 and ≈ 25 cm2 .

4.3

Measurements of Oil Tensions

The dynamic interfacial tension, at the crude oil water interface as obtained by the
tensiometer is shown in Fig. 4-4 for two different drops. The tension decreases from
an initial value of approximately 35 mN/m to a value of 27 mN/m (on average of
the three drops) after several hundred seconds due to the adsorption of surface ac114

tive compounds in the crude (asphaltenes, fatty acids, etc.). Note that a relatively
constant tension is obtained after several hundred seconds, and it is this constant
value which is taken to characterize the water/oil tension 𝛾𝑤/𝑜 in the herding experiments. The air/oil tension as measured with the tensiometer is equal to 25 mN/m
and therefore the spreading coefficient for a water tension 𝛾𝑤 of 72.8 mN/m (20𝑜 C)
leads to a spreading coefficient S=𝛾𝑤 -𝛾𝑜 -𝛾𝑤/𝑜 =20.8 mN/m. As a reference a table of
the spreading coefficients of various crudes from different sources is given below and
the value obtained from this ExxonMobil crude is similar to the lower end spreading
coefficients.

(a)

(b)

Figure 4-4: (a) Interfacial tension between crude and (pure) water for two different
drops formed at the tip of the needle and (b) characteristic spreading coefficients of
various crudes.

4.4

Crude Oil Spreading on Pure Water

Crude oil spreads rapidly on a sea water surface because the tension of the air/sea
water interface, 𝛾 𝑠𝑒𝑎
𝑤 is much larger than the sum of the air/oil (𝛾𝑜 ) and oil/sea (𝛾𝑜,𝑤 )
tensions at the slick periphery (see Fig. 4-1b). To illustrate how fast crude oil can
spread on a water surface, we conduct an experiment where crude oil is added onto
a pure water surface where the surface pressure is 0 mN/m and the oil is initially
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confined to within the teflon ring (Fig. 4-2). As shown in Fig. 4-5(a), the ≈ 3 ml
of crude oil is added inside the ring. After the ring is lifted off of the surface, the
oil slick spreads out immediately and reaches the edges of the pan as shown in Fig.
4-5(b) which is 2 seconds after ring is lifted. Note that because of the limited size
of the teflon pan, the oil cannot continue to spread. Otherwise, the oil slick would
continue to spread, typically to the point where the thickness reaches of the order of
microns. Fig.4-5(c) is taken 30 minutes after the ring is lifted off of the water/air
interface. Comparing Fig. 4-5(b) and Fig. 4-5(c), we note that once crude oil spreads
over the water/air interface, the oil slick becomes very thin judging from its color.
Moreover, the oil slick will stay in this extended form and never retract by itself. This
experiment illustrates the crude oil spreading mechanism, and demonstrates how fast
crude oil spreads on a water surface. This experiment also serves as a standard for the
herding experiments and is in agreement with the fact that the spreading coefficient
is positive and equal to 20.8 on pure water.

4.5
4.5.1

MGDG Retraction of Crude Oil on Pure Water
Initial Surface Pressure 35 mN/m

In this experiment, MGDG is spread from a chloroform solution onto the water surface
outside of the ring in sequential steps from a surface pressure of zero to a pressure of
35 mN/m which is the surface pressure just prior to collapse of the MGDG monolayer.
As the tensions at the air/oil and oil/water interfaces are 25 mN/m and 27 mN/m,
a tension of 52 mN/m or lower is required to herd the crude oil. Using a value for
the clean air/water tension equal to 72.8 mN/m, a surface pressure of 20.8 mN/m
(the spreading coefficient of water on the crude) or higher is required to herd the
layer so the value of 35 mN/m should be adequate. The experiment follows the
same procedure as what has been described previously. The crude oil slick is initially
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(a)

(b)

(c)

Figure 4-5: (a) Crude oil confined in teflon ring on pure water; Crude oil spreading at (b) 2 seconds
(c) 30 minutes after ring is lifted.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 4-6: Oil slick on pure water with MGDG at surface pressure 35 mN/m(a) Crude oil confined
in teflon ring (b) Oil slick at two seconds after ring is lifted (c) Oil slick at 20 minutes after ring is
lifted (d) Area of Crude Oil Slick vs Time (e) Surface pressure vs Time and (e) e) surface pressure
isotherm for the experiment compared with the Langmuir trough isotherm.
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confined within the teflon ring, then MGDG molecules are deposited outside the ring
to increase the surface pressure to 35 mN/m. After 15 minutes of evaporation of
chloroform, the ring is lifted to examine the slick retraction under the initial high
surface pressure.
The initial area of oil slick is ≈ 90 cm2 as shown in Fig.4-6(a). After the ring is
lifted, the oil slick retracts to a smaller area ≈ 40 cm2 in only two seconds as shown in
Fig.4-6(b). From this fact, we notice that when the surface pressure of the water/air
interface is as high as 35 mN/m, the surface tension at the water/air interface 𝛾 𝑠𝑒𝑎
𝑤 is
now smaller than the sum of the air/oil (𝛾𝑜 ) and oil/w (𝛾𝑜,𝑤 ) tensions at the slick periphery. Therefore, the oil slick retracts to a smaller area by itself instead of spreading
out. From Fig.4-6(c) and Fig. 4-6(d) we notice that the oil slick keeps retracting for
≈ 1200 seconds after the ring is lifted until the surface tension reaches an equilibrium
such that 𝛾 𝑤 ≈ 𝛾𝑜 +𝛾𝑜,𝑤 . When the spreading coefficient becomes zero the oil slick
stops moving with a constant surface area (≈ 25 cm2 ) after 20 minutes. Fig.4-6(e)
shows the surface pressure at the air/water interface versus time. The lifting of the
ring corresponds to the sharp drop in tension at approximately 300 sec. As it shows
the initial surface pressure is ≈ 35mN/m, then it decreases to ≈ 25mN/m after the
ring is lifted off and the oil slick is compressed to a small area. This is because when
ring is lifted, the oil slick starts to retract immediately to a smaller area until it
reaches the equilibrium point where the oil slick does not either spread or retract and
the surface area of the oil slick remains constant. During this process, the surface
area occupied by the MGDG molecules changes. The initial surface area of MGDG
molecules is ≈ 604 cm2 . However, when oil slick retracts, the surface area occupied by
MGDG molecules increases. Therefore, the area per molecule 𝒜 of MGDG increases.
In other words, the MGDG monolayer becomes looser after the oil slick retracts to
a smaller area. Moreover, Fig.4-6(e) shows that the equilibrium surface pressure of
the surfactant layer around the oil slick is ≈ 25 mN/m which is approximately equal
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to the surface pressure of 20.8 mN/m necessary to balance the retraction force of the
sum of the air/oil and water/oil tensions.

From the known area of the entire pan surface, and the measured area of the slick
as a function of time, the area occupied by the surfactant monolayer as a function
of time is easily calculated; since the amount of surfactant added outside the ring
at the beginning of the experiment is known, the area per molecule of the MGDG
as a function of time (or the surface pressure at that time) is easily calculated. In
Fig. 4-6(f) the surface pressure at a particular time against the area per molecule at
that time is plotted and compared to the surface pressure area per molecule curve as
measured on the Langmuir trough (Chapter 3). Two interesting points emerge: First,
the agreement between the two curves is fairly good, considering one is a compression
experiment (the Langmuir trough data) and one is an expansion experiment (the
herding data). Second, the figure makes clear that most of the effective herding and
area contraction occurs with only a small change in the area per molecule at the point
where the isotherm has its largest slope (smallest compressibility).

4.5.2

Initial Surface Pressure 10 mN/m

To better show that the equilibrium surface pressure at the water/air interface is ≈
25 mN/m, in this experiment we add a small amount of MGDG molecules onto the
pure water surface and only increase the surface pressure of the water/air interface
to 10 mN/m instead of 35 mN/m. Under this condition, the oil slick first spreads out
after we lift the ring since the surface pressure is leass than the spreading coefficient
of the crude on pure water, 20.8 mN/m. However, unlike on pure water for which
the oil slick spreads out all the way until it reaches the edge of the teflon pan, the oil
slick stops spreading part way and reaches an equilibrium area. At this equilibrium,
the three interface tensions are balanced, in other words 𝛾 𝑤 = 𝛾𝑜 +𝛾𝑜,𝑤 . Therefore,
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the oil slick will neither spread nor retract. Fig. 4-7(a) ,Fig. 4-7(b) and Fig.4-7(c)
have shown the spreading process of the oil slick as well as the equilibrium point
where the slick stops stops spreading. The reason for this spreading behavior lies in
the change of the interface tension at the water/air interface 𝛾 𝑤 . Fig.4-7(d) shows
the change in surface pressure at the water/air interface; the surface pressure first
increases from 0 mN/m to 10 mN/m by adding MGDG surfactants onto the water
surface outside the ring. However, unlike the other two experiments where the surface
pressure of water/air interface is very high and the oil slick retracts once the ring is
lifted off the surface. In this case, the surface pressure is only increased to10 mN/m
and the surface tension at water/air interface 𝛾 𝑤 > 𝛾𝑜 +𝛾𝑜,𝑤 . Therefore, the oil slick
spreads out instead of retracting. When the oil slick spreads out, MGDG molecules
are compressed to a smaller area, and a more condensed MGDG monolayer is formed.
The area per molecule 𝒜 of MGDG decreases causing a higher surface pressure. The
final equilibrium surface pressure in this case is ≈ 23 mN/m which is also consistent
with the previous experiment where the equilibrium pressure was equal to 25 mN/m.
(The theoretical value, the spreading pressure on pure water, is 20.8 mN/m.) In
Fig. 4-7(e) the surface pressure at a particular time against the area per molecule at
that time is plotted and compared to the surface pressure area per molecule curve as
measured on the Langmuir trough (Chapter 3). As in the case of an initial surface
pressure of 35 mN/m, the agreement is very good; in this case both the herding and
the Langmuir trough experiments correspond to a compression.
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(a)

(b)

(c)

(d)

(e)

Figure 4-7: Oil slick on pure water with MGDG at surface pressure 10 mN/m(a) Crude oil confined
in teflon ring (b) Oil slick at two seconds after ring is lifted (c) Oil slick at 20 minutes after ring is
lifted (d) Surface pressure vs Time and (e) surface pressure isotherm for the experiment compared
with the Langmuir trough isotherm.
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(a)

(b)

(c)

(d)

(e)

Figure 4-8: Oil slick on 0.05wt% 𝜆 carrageenan solution with MGDG at surface pressure 41
mN/m(a) Crude oil confined in teflon ring (b) Oil slick at two seconds after ring is lifted (c) Oil slick
at 20 minutes after ring is lifted (d) Area of Crude Oil Slick vs Time (e) Surface pressure vs Time
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4.6

Crude oil slick retracted by MGDG on 0.05wt%
𝜆 carrageenan solution at Surface Pressure of 41
mN/m

In this case, instead of using pure water as the subphase, we use 0.05wt% 𝜆 carrageenan solution. MGDG molecules are deposited on the 𝜆 carrageenan solution
surface, and the surface pressure is increased to 41 mN/m. We notice that the surface pressure here is 41 mN/m which is ≈ 6 mN/m higher than that onthe pure water
surface. This is because as we have discussed previously, the MGDG monolayer at the
water/air interface recruits 𝜆 carrageenan molecules from the bulk subphase to the
surface. Hydrogen bonds are formed between the galactose headgroup of the MGDG
monolayer and the 𝜆 carrageenan molecules which increases the surface pressure to a
higher value.
As a result of the higher surface pressure, the oil slick in this case retracts to
a smaller area than on pure water as shown in Fig.4-8. Fig.4-8(b) is captured two
seconds after the ring is lifted and the area of the oil slick at this time is ≈ 35 cm2 .
Fig.4-8(c) is the final state of the oil slick which is captured 20 minutes after the ring
is lifted and the area of the oil slick at this stage is ≈ 18 cm2 as shown in Fig.4-8(d)
. This area is 7 cm2 smaller than the area on pure water. Fig.4-8(e) shows that after
the ring is lifted, the surface pressure drops immediately from 41 mN/m to ≈ 25
± 3 mN/m which is consistent (though slightly larger) with the equilibrium surface
pressure discussed in the previous experiment.

4.7

Conclusion

This study has illustrated how crude oil spreads at the water/air interface, and the
effect of MGDG molecules as chemical herders for crude oil spill remediation in a lab
124

scale experiment under different conditions. The oil slick shows different behaviors
on different subphase conditions, including pure water and 0.05wt % 𝜆 carrageenan
solution with and without MGDG molecules on the surface. Different surface pressures, 0 mN/m, 10 mN/m, 35 mN/m and 41 mN/m were tested to examine how the
oil slick retracts or spreads, and how much its area becomes reduced or expanded.
Moreover, we find a balance surface tension of water/air interface where 𝛾 𝑤 = 𝛾𝑜 +𝛾𝑜,𝑤
and the oil slick reaches to an equilibrium point and stops moving.
The important conclusions of oil spill remediation by MGDG moleucles are:
1. On pure water surface where the surface pressure equals to 0 mN/m: The surface
tension of the water/air interface 𝛾 𝑠𝑒𝑎
𝑤 is much larger than the sum of the air/oil
(𝛾𝑜 ) and the oil/sea (𝛾𝑜,𝑤 ) tensions at the oil slick periphery. Therefore, the oil
slick is pulled towards the direction of 𝛾 𝑠𝑤 causing the oil slick to spreads out as
is shown in Fig. 4-5.
2. When MGDG molecules are deposited onto pure water interface and the surface
pressure is increased to the maximum value (≈ 35 mN/m): The surface tension
of the water/air interface 𝛾 𝑤 is now smaller than the sum of the air/oil (𝛾𝑜 )
and the oil/water (𝛾𝑜,𝑤 ) tensions at the oil slick at this periphery. In this case,
instead of spreading, the oil slick is pulled towards the opposite direction of 𝛾 𝑤 .
In other words, the oil slick retracts to a smaller area by itself as shown in Fig.
4-6(a) , Fig. 4-6(b) and Fig. 4-6(c). The surface area of the oil slick is reduced
from 90 cm2 to 25 cm2 from Fig. 4-6(d) where it reaches to an equilibrium and
stops moving. From this fact, we know that in order to contract the oil spill
to a controllable size, the surface pressure of the water/air interface must be
increased to ≈ 35 mN/m.
3. When MGDG molecules are deposited onto 0.05wt % 𝜆 carrageenan solution,
because of the hydrogen bondings formed between the polar groups of MGDG
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molecules and 𝜆 carrageenan molecules, the surface pressure of the water/air
interface is increased to ≈ 41 mN/m which is 6 mN/m higher than that of
MGDG on pure water. In this case, we notice that the oil slick retracts to an
even smaller area ≈ 18 cm2 . It is obvious that the higher the initial surface
pressure of the water/air interface, the smaller the area the oil slick will retract
to, as shown in Fig. 4-8(d)
4. Finally, when the surface pressure of the water/air interface is increased to ≈
10 mN/m, we noticed that the oil slick at first spreads out but stops half way
in the middle. To explain this, we have to refer to the surface pressure curves,
Fig. 4-6(e), Fig. 4-8(e) and Fig. 4-7(d). From the three curves, the balanced
surface pressure where the oil slick reaches to an equilibrium and stops moving
is ≈ 25 ± 3 mN/m. This indicates that when surface pressure of the water/air
interface is ≈ 25 mN/m (corresponding to a surface tension ≈ 47 mN/m), a
balance is reached between the surface tension of the water/air interface 𝛾 𝑠𝑤 and
the sum of air/oil (𝛾𝑜 ) and oil/water (𝛾𝑜,𝑤 ) tensions.
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Chapter 5
Future Work
5.1

Synergism of MGDG and Phytanic Acid as Chemical Herders for Oil Spill Remediation

The experiments detailed in Chapters 3 and 4 demonstrated that both phytanic acid
and MGDG can develop the surface pressures necessary to compress oil slicks, as
the necessary surface pressures are in the range of 15 - 30 mN/m (Chapter 1) and
the pressures before collapse for these two surfactants are 25 mN/m for phytanic
acid (Chapter 2, 55 mN/m on sea water) and 35 mN/m for MGDG (Chapter 4).
The surface pressure isotherms for MGDG (Chapter 3) also indicated that the surface pressures become larger when MGDG is spread onto a subphase containing 𝜆
carrageenan which is a representative polysaccharide present in the sea surface microlayer. This increase is due to a hydrogen binding of the carrageenan to the galactose
headgroups of the MGDG as MGDG in fact recruits the water soluble carrageenan
to the surface.

An effect to be resolved in future work is a potential synergism between the two
surfactants, phytanic acid and MGDG, in surface tension reduction (surface pressure
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increase) for the purposes of increasing the effectiveness of their herding action. As
we have mentioned in Chapter 1, MGDG and phytanic acid are both constituents of
the thylakoid membrane situated in the chloroplasts„ of higher plants, and responsible for their photosynthetic activity. Within these membranes, a synergism exists
in the packing of the amphiphiles to result in a low membrane tension. This synergism is also used to adjust the fluidity of the membrane to adapt to extreme weather
conditions[25, 26, 27, 28, 29]. An initial experimental investigation was undertaken
to understand if a synergistic effect can be observed as an increase in surface pressure
upon mixing the two surfactants in various mole fractions.

Experiments have been undertaken to measure the surface pressure on compression
on a Langmuir trough for MGDG/phytanic acid mixtures at three different mole
fractions. Fig.5-1 provides isotherms for the three mixtures, 83% of MGDG 17% of
phytanic acid, 77% of MGDG 23% of phytanic acid, and 70% of MGDG 30% of phytanic acid (all ratios are in mole fraction) along with the isotherms of pure MGDG
and phytanic acid. All these isotherms are collected on a pure water subphase and
at room temperature 22±2 ∘ C at pH 5.5. The materials and instrumentation are
the same as in Chapters 2 and 3.. Two conclusions can be drawn from the pressure
area isotherms of the mixtures. First, for all three mole fractions, the isotherms show
liquid-like phases from the picking off points to collapse points. In other words, no
phase separation is observed for their isotherms meaning that the two molecules mix
fairly well with each other and form a uniform monolayer. This can be attributed to
their similar interfacial properties, as both MGDG and phytanic acid molecules form
individually by themselves a liquid-like monolayer with relatively high compressibility.
Secondly, when compared with the isotherms of pure MGDG and phytanic acid on
water, all three mixtures show an increase in the surface pressure which is higher than
the collapse surface pressure of pure MGDG which is ≈ 35 mN/m. Finally, note that
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Figure 5-1: Pressure area isotherms of pure MGDG, phytanic acid and three mixtures
of MGDG and phytanic acid
the mixture of 83% mole percent MGDG and 17% phytanic acid has the highest increase in surface pressure and does not collapse until it reaches ≈ 41 mN/m which is a
significant synergistic effect. Therefore, we believe the ratio of 83% of MGDG 17% of
phytanic acid would be a good starting point for examining synergistic herding action.

Focusing on this mixture of 83% of MGDG and 17% of phytanic acid, several
experiments can be undertaken:
1. The effect of pH: Langmuir trough compression experiments can be undertaken
under different subphase pH, e.g. pH=9 and pH=3. From our previous results
for MGDG and phytanic acid, we know that the MGDG pressure area isotherm
is not affected by pH while that of phytanic acid is significantly affected because
its polar group can be negatively charged under high pH values. Therefore, the
experiments for different pH values hwill help us to understand if the synergism
will be affected by pH, and if so, by what extent.
2. The effect of an artificial sea water subphase: Langmuir trough compression
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experiments can be undertaken under subphases containing artificial sea water
to understand if cation bonding to the phytanic acid head group affects the
synergistic interaction.
3. The effect of a 𝜆 carrageenan subphase: The polysaccharide binds to both the
phytanic acid and the MGDG; it would be interesting to understand how this
binding affects the synergistic reduction in surface tension..
4. Dilatational viscosity measurements can be undertaken on this synergistic mixture on pure water, artificial sea water, and 𝜆 carrageenan solution. The results
will help help us the know if the synergism is capable when applied on wavy
ocean surfaces as chemical herders.
5. X-ray reflectivity and X-ray fluorescence experiments can be carried out on
the synergistic mixture on pure water, artikficial sea water and 𝜆 carrageenan
subphases to interpret the surface pressure and dilatational viscosity results and
help to provide a molecular picture of the interfacial region.
6. Pan scale experiments illustrating the herding action of the synergistic mixture.

5.2

Wave Tank Experiments on Chemical Herding
of Oil Spills

To carry out herding experiments that will support the application of these ecofriendly herder technologies to real scenarios, the pan scale experiments can be extended to experiments on larger wavetanks in which herding on larger scales can be
investigated, and importantly the effect of wave action on the stability of the herding
monolayers can be examined. Wave tank experiments experiments can be undertaken
on two scales: The first scale are mini wave experiments to be undertaken on a miniwave tank. A suitable tank for this purpose is shown in Fig. 5-2 and is rectangular
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in cross section, 0.4 m x 0.4 m x 6 m and features transparent parallel walls and a
passive parallel beach wave absorber and a hinged panel wavemaker. The panel wave
maker can produce both rolling waves and breaking waves and is similar in design to
the tank used by Katz et al [110] in their study of the size distribution of droplets
generated by the impingement of breaking waves on oil slicks. A second tank on a
larger scale with similar capabilities is the the larger wave tank facility (12m x 2.4m
x 2.4m) at CRREL (Cold Regions Research and Engineering Laboratory) Fig. 5-3 in
which a paddle provides rolling waves using a cyclic piston action.

The herding experiments to be undertaken on both wave tanks follow the same

Figure 5-2: The mini wave tank from Omey Labs, area 0.4m x 0.4m x 6m, with a
hinged panel wavemaker to be used for laboratory scale experiments
protocol:
1. The tanks are conditioned with either pure water, or with water mixed with
artificial sea water and with the representative natural sea polysaccharide 𝜆
carrageenan as used in our laboratory scale basin experiments.
2. A ring is floated on the surface of the tank to represent a confining perimeter
for the deposition of oil. A specific oil volume is spread on the surface of the
water (or sea salt/polysaccharide water) so that the thickness of the oil retained
in the inside of the ring is a few millimeters.
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3. The chemical herder is added around the perimeter of the floating ring while the
ring still retains the oil. The herder is added until a particular surface pressure
is achieved. This surface pressure will be measured by a (portable) Wilhelmy
plate attached to an electrobalance. The plate is inserted into the water surface
in the area outside of the ring. The importance of this measurement is that
the initial herding pressure compressing the oil will be known exactly as in our
previous pan scale experiments. The oil surface pressure that has to be overcome
to compress the oil layer can range from 15-30 mN/m and is dependent on the
type of crude oil.

4. The ring is lifted off of the surface, allowing the herder to compress the oil
layer. Videos obtained from a camera above the wave tanks will be used to
quantify the extent of herding as a function of the initial surface pressure of
the surfactant. These experiments will be undertaken under clam conditions
and under breaking waves with the herding action observed over a period of
approximately 15 minutes. We anticipate fixing the wave height and examining
the two wave periods accessible for the large CRREL tank, 1.7 and 3.3 seconds.
A key quantity to be measured from the video recordings is the compressed area
of the spill and (by subtraction) the surface area without oil. The small tank
will also examine the effect. of breaking waves.

5. After the experiment is completed, clam conditions are arranged (if wave action
is studied) and the surface pressure of the herder around the perimeter of the
compressed spill will be measured. From Langmuir trough measurements of the
surface pressures of the herding molecules as a function of their concentration
(area per molecule), the final surface pressure allows a measurement of the final
surface concentration of the herder. This concentration should agree when the
value obtained by multiplying the initial herder concentration (known from the
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initial surface pressure) by the increase in clean surface area around the spill.
The experiments on both wave tanks are aimed at answering the following significant questions pertaining to the utility of the eco-friendly chemical herders:
1. How effective are these waves eco-friendly surfactants in herding oil under similar surface conditions (clam surface or under wave action) when compared to
the commercial herders that are currently used? To this end, a benchmark
will be set using OP40 as the herding molecule and following the same herding
protocol as given in previous paragraph.
2. Does the presence of the polysaccharide in the water dramatically improve the
herding ability of these eco-friendly surfactants, particularly in regard to their
ability to herd under wave action?
3. Can a synergistic mixture of two herders (MGDG and phytanic acid) be developed which is particularly effective at herding and remain steadfast in its
herding ability under wave action?

Figure 5-3: The wave tank at CRREL has dimensions 12.2m x 2.4m x 2.4m (deep)
and wave periods of 1.7 and 3.3 sec, wave heights up to 0.6m .
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Chapter 6
Appendix
To calculate the partial molar volume of 𝜆 carrageenan molecule, we use the densitometry data of 𝜆 carrageenan solution of various weight fractions obtained by J.
Cerar et al [108]. Equa.6.1 is used to calculated the partial molar volume of 𝜆 carrageenan molecule where 𝑉𝑤 and 𝑉𝜆 partial molar volume of water molecule and 𝜆
carrageenan molecule in 𝜆 carrageenan solution, 𝑁𝑤 and 𝑁𝜆 are the number of water
molecules and 𝜆 carrageenan molecules respectively. To obtain the value of 𝑉𝜆 , we
plot V/𝑔𝑤 against 𝑔𝜆 /𝑔𝑤 of different weight fractions 𝜆 carrageenan solutions from
the Supporting information from J. Cerar et al [108] as shown in Fig.6-1. The fitting
equation in Fig.6-1 is y = 0.6009x + 1.0011 where the slope 0.6009 ml/g equals to the
partial molar volume of 𝜆 carrageenan molecule. We convert the 𝑉𝜆 of 0.6009 ml/g
into 359163 Å3 /molecule.

𝑉 = 𝑉𝑤 𝑁𝑤 + 𝑉𝜆 𝑁𝜆
⃒
𝜕𝑉 ⃒⃒
𝑉𝜆 =
𝜕𝑁𝜆 ⃒𝑁𝑤
(6.1)
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Figure 6-1: V/𝑔𝑤 against 𝑔𝜆 /𝑔𝑤 of four weight fractions 𝜆 carrageenan solutions

136

Bibliography
[1] Ed L Schrader. Remediation of floating, open water oil spills: Comparative efficacy of commercially available polypropylene sorbent
booms. Environmental Geology and Water Sciences, 17(2):157–166, 1991.
[2] DAEG Dave, Abdel E Ghaly, et al. Remediation technologies for
marine oil spills: A critical review and comparative analysis. American
Journal of Environmental Sciences, 7(5):423, 2011.
[3] I Buist, D Cooper, Ken Trudel, Janne Fritt-Rasmussen, Susse
Wegeberg, Kim Gustavson, Pia Lassen, Wilson Ulises Rojas Alva,
Grunde Jomaas, and L Zabilansky. Research Investigations into Herder
Fate, Effects and Windows of Opportunity. International Association of Oil &
Gas Producers, 2018.
[4] Martin Gade, Heinrich Hühnerfuss, and Gerald Korenowski. Marine surface films. Springer, 2006.
[5] Johan Sjöblom, Narve Aske, Inge Harald Auflem, Øystein Brandal, Trond Erik Havre, Øystein Sæther, Arild Westvik, Einar
Eng Johnsen, and Harald Kallevik. Our current understanding
of water-in-crude oil emulsions.: Recent characterization techniques
and high pressure performance. Advances in Colloid and Interface Science,
100:399–473, 2003.
[6] O.C. Mullins. The Modified Yen Model. Energy Fuels, 24:4750–4759,
2010.
[7] Oliver C. Mullins, Hassan Sabbah, Joëlle Eyssautier, Andrew E.
Pomerantz, Loic Barre, A. Ballard Andrews, Yosadara RuizMorales, Farshid Mostowfi, Richard McFarlane, Lamia Goual,
Richard Lepkowicz, Thomas Cooper, Jhony Orbulescu, Roger M.
Leblanc, John Edwards, and Richard N. Zare. Advances in Asphaltene Science and the Yen–Mullins Model. Energy and Fuels, 26(7):3986–
4003, 2012.
[8] J. Rane, V. Pauchard, A. Couzis, and S. Banerjee. Interfacial Rheology of Asphaltenes at Oil-Water Interfaces and Interpretation of
the Equation of State. Langmuir, 29(4750-4759), 2012.
137

[9] J. Rane, D. Harbottle, V. Pauchard, A. Couzis, and S. Banerjee.
Adsorption Kinetics of Asphaltenes at the Oil/Water Interface and
Nanoaggregation in the Bulk. Langmuir, 28:9986–9995, 2012.
[10] Jill S Buckley, Tianguang Fan, et al. Crude oil/brine interfacial
tensions. PETROPHYSICS, 48(3):175, 2007.
[11] Emanuel Bertrand, Daniel Bonn, Daniel Broseta, H Dobbs, JO Indekeu, J Meunier, K Ragil, and N Shahidzadeh. Wetting of alkanes
on water. Journal of Petroleum Science and Engineering, 33(1):217–222, 2002.
[12] Daniel Bonn. Wetting transitions. Current Opinion in Colloid and Interface Science, 6(1):22 – 27, 2001.
[13] Nina Loahardjo, Koichi Takamura, and Norman R Morrow. Spreading and retraction of spilled crude oil on seawater. Oil Spill on Ocean. International Oil spill conference, 2014.
[14] Laurens van Gelderen, Nicholas L Brogaard, Martin X Sørensen,
Janne Fritt-Rasmussen, Ali S Rangwala, and Grunde Jomaas. Importance of the slick thickness for effective in-situ burning of crude
oil. Fire Safety Journal, 78:1–9, 2015.
[15] W. D. Garrett and W R Barger. Factors Affecting the Use of
Monomolecular Surface Films to Control Oil Pollution on Water. Environmental Science and Technology, 4(2):123–127, 1970.
[16] Ian Buist, Steve Potter, Nedwed Tim, and Mullin Joe. Herding
Agents Thicken Oil Spills in Drift Ice to Facilitate In situ Burning:
A New Trick for an Old Dog. In International oil spill conference, number
132 in Oil Spill on Ocean, pages 1–19, 2008.
[17] Ian Buist, Stephen Potter, and Nedwed Tim. Herding Agents to
Thicken Oil Spills in Drift Ice for In Situ Burning: New Developments. In International oil spill conference, number 230 in Oil Spill on Ocean,
pages 1–12, 2011.
[18] Buist Ian and Nedwed Tim. Using Herders for Rapid In Situ Burning
Of Oil Spills on Open Water. In International oil spill conference, number
231 in Oil Spill on Ocean, pages 1–7, 2011.
[19] Edward Tedeschi. Booms. Pure and applied chemistry, 71(1):17–25, 1999.
[20] John R. Clayton, John S. Farlow, and James R. Payne. Oil spill dispersants : mechanisms of action and laboratory tests. CRC Press Boca Raton,
FL, 1993.
[21] R. J. Fiocco and A. Lewis. Oil spill dispersants. Pure Appl. Chem.,
71:27–42, 1999.
138

[22] National Research Council. Oil Spill Dispersants: Efficacy and Effects.
The National Academies Press, Washington, DC„ 2005.
[23] C. Brochu, E. Pelletier, G. Caron, and J. E. Desnoyers. Dispersion of crude oil in seawater: The role of synthetic surfactants. Oil
Chem.Pollut, 3:257–279, 1986.
[24] R. Varadaraj, M. L. Robbins, S. Bock, J.and Pace, and D. MacDonald. Dispersion and biodegradation of oil spill on water. Int.Oil Spill
Conf. Proc., 19:101–106, 1995.
[25] Pierre Tancrède, Gaétan Munger, and Roger M Leblanc. Excess
free energies of interaction of chlorophyll a with monogalactosyldiacylglycerol and phytol a mixed monolayer study. Biochimica et Biophysica Acta (BBA)-Biomembranes, 689(1):45–54, 1982.
[26] Barbara Gzyl-Malcher, Maria Filek, and Katarzyna Makyła.
Langmuir monolayers of chloroplast membrane lipids. Thin Solid Films,
516(24):8844–8847, 2008.
[27] Barbara Gzyl-Malcher, Maria Filek, Katarzyna Makyła, and
Maria Paluch. Differences in surface behaviour of galactolipoids
originating from different kind of wheat tissue cultivated in vitro.
Chemistry and physics of lipids, 155(1):24–30, 2008.
[28] Céline Bottier, Julie Géan, Franck Artzner, Bernard Desbat,
Michel Pezolet, Anne Renault, Didier Marion, and Véronique
Vié.
Galactosyl headgroup interactions control the molecular
packing of wheat lipids in Langmuir films and in hydrated
liquid-crystalline mesophases. Biochimica et Biophysica Acta (BBA)Biomembranes, 1768(6):1526–1540, 2007.
[29] Javier Hoyo, Ester Guaus, and Juan Torrent-Burgués. Monogalactosyldiacylglycerol and digalactosyldiacylglycerol role, physical
states, applications and biomimetic monolayer films. The European
Physical Journal E, 39(3):39, 2016.
[30] Jonathan FD Liljeblad, Eric Tyrode, Esben Thormann, AnnClaude Dublanchet, Gustavo Luengo, C Magnus Johnson, and
Mark W Rutland. Self-assembly of long chain fatty acids: effect of a
methyl branch. Physical Chemistry Chemical Physics, 16(33):17869–17882,
2014.
[31] H Lindsey, NO Petersen, and Sunney I Chan. Physicochemical characterization of 1, 2-diphytanoyl-sn-glycero-3-phosphocholine in model
membrane systems. Biochimica et Biophysica Acta (BBA)-Biomembranes,
555(1):147–167, 1979.
139

[32] Rumiana Koynova and Martin Caffrey. Phases and phase transitions of the phosphatidylcholines. Biochimica et Biophysica Acta (BBA)Reviews on Biomembranes, 1376(1):91–145, 1998.
[33] Anthony Yasmann and Sergei Sukharev. Properties of diphytanoyl
phospholipids at the air–water interface. Langmuir, 31(1):350–357, 2014.
[34] DY Kwok, D Vollhardt, R Miller, D Li, and AW Neumann. Axisymmetric drop shape analysis as a film balance. Colloids and Surfaces
A: Physicochemical and Engineering Aspects, 88(1):51–58, 1994.
[35] R Francesca, L Giuseppe, and IK Volodymyr. Interfacial dilatational rheology by oscillating bubble/drop methods. Current Opinion
in Colloid&Interfacial Science, 15(4):227–228, 2010.
[36] Ellen Adams and Heather Allen. Palmitic acid on salt subphases
and in mixed monolayers of cerebrosides: application to atmospheric
aerosol chemistry. Atmosphere, 4(4):315–336, 2013.
[37] Arthur W Snow, Glenn G Jernigan, and Mario G Ancona. Equilibrium spreading pressure and Langmuir–Blodgett film formation of
omega-substituted palmitic acids. Thin Solid Films, 556:475–484, 2014.
[38] RM Kenn, C Böhm, AM Bibo, IR Peterson, Helmuth Moehwald,
J Als-Nielsen, and K Kjaer. Mesophases and crystalline phases in
fatty acid monolayers. The Journal of Physical Chemistry, 95(5):2092–2097,
1991.
[39] Charles M Knobler and Rashmi C Desai. Phase transitions in monolayers. Annual Review of Physical Chemistry, 43(1):207–236, 1992.
[40] Vladimir M Kaganer, Helmuth Möhwald, and Pulak Dutta. Structure and phase transitions in Langmuir monolayers. Reviews of Modern
Physics, 71(3):779, 1999.
[41] JB Peng, GT Barnes, and IR Gentle. The structures of Langmuir–
Blodgett films of fatty acids and their salts. Advances in Colloid and
Interface Science, 91(2):163–219, 2001.
[42] Daniel K Schwartz. Langmuir-Blodgett film structure. Surface Science
Reports, 27(7-8):245–334, 1997.
[43] Helmuth Moehwald and Gerald Brezesinski. From Langmuir monolayers to multilayer films. Langmuir, 32(41):10445–10458, 2016.
[44] Ka Yee C Lee. Collapse mechanisms of Langmuir monolayers. Annu.
Rev. Phys. Chem., 59:771–791, 2008.
140

[45] D Vollhardt. Nucleation in monolayers. Advances in colloid and interface
science, 123:173–188, 2006.
[46] Herman E Ries Jr. Stable ridges in a collapsing monolayer. Nature,
281(5729):287, 1979.
[47] C Gourier, Ch M Knobler, J Daillant, and D Chatenay. Collapse
of monolayers of 10, 12-pentacosadiyonic acid: kinetics and structure.
Langmuir, 18(24):9434–9440, 2002.
[48] Christophe Ybert, Weixing Lu, Gunter Möller, and Charles M
Knobler. Collapse of a monolayer by three mechanisms. The Journal
of Physical Chemistry B, 106(8):2004–2008, 2002.
[49] S Kundu, A Datta, and S Hazra. Effect of metal ions on monolayer
collapses. Langmuir, 21(13):5894–5900, 2005.
[50] S Kundu, A Datta, and S Hazra. Growth of a collapsing Langmuir
monolayer. Physical Review E, 73(5):051608, 2006.
[51] Sarathi Kundu and Dominique Langevin. Fatty acid monolayer dissociation and collapse: Effect of pH and cations. Colloids and Surfaces
A: Physicochemical and Engineering Aspects, 325(1-2):81–85, 2008.
[52] Sarathi Kundu. Collapse of preformed cobalt stearate film on water
surface. Colloids and Surfaces A: Physicochemical and Engineering Aspects,
348(1-3):196–204, 2009.
[53] David Vaknin, Wei Bu, Sushil K Satija, and Alex Travesset. Ordering by collapse: Formation of bilayer and trilayer crystals by folding
Langmuir monolayers. Langmuir, 23(4):1888–1897, 2007.
[54] Thiago Eichi Goto and Luciano Caseli. Understanding the collapse mechanism in Langmuir monolayers through polarization
modulation-infrared reflection absorption spectroscopy. Langmuir,
29(29):9063–9071, 2013.
[55] Kaushik Das and Sarathi Kundu. Subphase pH induced monolayer
to multilayer collapse of fatty acid Salt Langmuir monolayer at lower
surface pressure. Colloids and Surfaces A: Physicochemical and Engineering
Aspects, 492:54–61, 2016.
[56] Gustav Kortum, W Vogel, and Andrussow. Disssociation constants
of organic acids in aqueous solution. Pure and Applied Chemistry, 1(23):187–536, 1960.
[57] James R Kanicky and Dinesh O Shah. Effect of degree, type, and
position of unsaturation on the pKa of long-chain fatty acids. Journal
of colloid and interface science, 256(1):201–207, 2002.
141

[58] David P Cistola, James A Hamilton, David Jackson, and Donald M
Small. Ionization and phase behavior of fatty acids in water: application of the Gibbs phase rule. Biochemistry, 27(6):1881–1888, 1988.
[59] JR Kanicky, AF Poniatowski, NR Mehta, and DO Shah. Cooperativity among molecules at interfaces in relation to various technological
processes: effect of chain length on the p K a of fatty acid salt solutions. Langmuir, 16(1):172–177, 2000.
[60] Douglas S McLean, David Vercoe, Karen R Stack, and
DE Richardson. The colloidal pKa of lipophilic extractives commonly
found in Pinus radiata. Appita journal, 58(5):362–366, 2005.
[61] Bethany A Wellen, Evan A Lach, and Heather C Allen. Surface
p K a of octanoic, nonanoic, and decanoic fatty acids at the air–
water interface: applications to atmospheric aerosol chemistry. Physical Chemistry Chemical Physics, 19(39):26551–26558, 2017.
[62] NL Prisle, N Ottosson, Gunnar Öhrwall, Johan Söderström,
M Dal Maso, and Olle Björneholm. Surface/bulk partitioning
and acid/base speciation of aqueous decanoate: direct observations and atmospheric implications. Atmospheric Chemistry and Physics,
12(24):12227–12242, 2012.
[63] R Aveyard, BP Binks, N Carr, and AW Cross. Stability of insoluble monolayers and ionization of Langmuir-Blodgett multilayers of
octadecanoic acid. Thin Solid Films, 188(2):361–373, 1990.
[64] Juan C Gomez-Fernandez and Jose Villalain. The use of FT-IR for
quantitative studies of the apparent pK a of lipid carboxyl groups
and the dehydration degree of the phosphate group of phospholipids.
Chemistry and physics of lipids, 96(1):41–52, 1998.
[65] Johannes Simon-Kutscher, Arne Gericke, and Heinrich Huhnerfuss. Effect of Bivalent Ba, Cu, Ni, and Zn Cations on the Structure
of Octadecanoic Acid Monolayers at the Air Water Interface As Determined by External Infrared Reflection Absorption Spectroscopy.
Langmuir, 12(4):1027–1034, 1996.
[66] E Le Calvez, D Blaudez, T Buffeteau, and B Desbat. Effect of
cations on the dissociation of arachidic acid monolayers on water studied by polarization-modulated infrared reflection- absorption spectroscopy. Langmuir, 17(3):670–674, 2001.
[67] PB Miranda, Q Du, and YR Shen. Interaction of water with a fatty
acid Langmuir film. Chemical physics letters, 286(1-2):1–8, 1998.
142

[68] Cheng Y Tang, Zishuai Huang, and Heather C Allen. Binding of
Mg2+ and Ca2+ to palmitic acid and deprotonation of the COOH
headgroup studied by vibrational sum frequency generation spectroscopy. The Journal of Physical Chemistry B, 114(51):17068–17076, 2010.
[69] Eric Tyrode and Robert Corkery. Charging of Carboxylic Acid
Monolayers with Monovalent Ions at Low Ionic Strengths: Molecular
Insight Revealed by Vibrational Sum Frequency Spectroscopy. The
Journal of Physical Chemistry C, 122(50):28775–28786, 2018.
[70] R Johann and D Vollhardt. Texture features of long-chain fatty
acid monolayers at high pH of the aqueous subphase. Materials Science
and Engineering: C, 8:35–42, 1999.
[71] Robert Johann, Dieter Vollhardt, and Helmuth Möhwald. Shifting of fatty acid monolayer phases due to ionization of the headgroups.
Langmuir, 17(15):4569–4580, 2001.
[72] Cheng Y Tang, Zishuai Huang, and Heather C Allen. Interfacial
water structure and effects of Mg2+ and Ca2+ binding to the COOH
headgroup of a palmitic acid monolayer studied by sum frequency
spectroscopy. The Journal of Physical Chemistry B, 115(1):34–40, 2011.
[73] Cheng Y Tang and Heather C Allen. Ionic binding of Na+ versus
K+ to the carboxylic acid headgroup of palmitic acid monolayers
studied by vibrational sum frequency generation spectroscopy. The
Journal of Physical Chemistry A, 113(26):7383–7393, 2009.
[74] Ellen M Adams, Bethany A Wellen, Raphael Thiraux, Sandeep K
Reddy, Andrew S Vidalis, Francesco Paesani, and Heather C
Allen. Sodium-carboxylate contact ion pair formation induces stabilization of palmitic acid monolayers at high pH. Physical Chemistry
Chemical Physics, 19(16):10481–0490, 2017.
[75] J Mati Bloch and Wenbing Yun. Condensation of monovalent and
divalent metal ions on a Langmuir monolayer. Physical Review A,
41(2):844, 1990.
[76] Dong June Ahn and Elias I Franses. Interactions of charged Langmuir monolayers with dissolved ions. The Journal of chemical physics,
95(11):8486–8493, 1991.
[77] JA Spink and JV Sanders. Soap formation in monomolecular films
on aqueous solutions. Transactions of the Faraday Society, 51:1154–1165,
1955.
[78] Mahn Won Kim, Bryan B Sauer, Hyuk Yu, Mehran Yazdanian, and
George Zografi. Ionic interactions of fatty acid monolayers studied
by ellipsometry. Langmuir, 6(1):236–240, 1990.
143

[79] Mehran Yazdanian, Hyuk Yu, and George Zografi. Ionic interactions of fatty acid monolayers at the air/water interface. Langmuir,
6(6):1093–1098, 1990.
[80] AM Brzozowska, F Mugele, and MHG Duits. Stability and interactions in mixed monolayers of fatty acid derivatives on artificial
sea water. Colloids and surfaces A: Physicochemical and engineering aspects,
433:200–211, 2013.
[81] BA Rudd Wellen, Andrew S Vidalis, and Heather C Allen. Thermodynamic versus non-equilibrium stability of palmitic acid monolayers in calcium-enriched sea spray aerosol proxy systems. Physical
chemistry chemical physics: PCCP, 20(24):16320–16332, 2018.
[82] AM Brzozowska, MHG Duits, and F Mugele. Stability of stearic acid
monolayers on Artificial Sea Water. Colloids and surfaces A: Physicochemical and engineering aspects, 407:38–48, 2012.
[83] Naveen Kumar, Lei Wang, Igor Siretanu, Michel Duits, and
Frieder Mugele. Salt dependent stability of stearic acid Langmuir–
Blodgett films exposed to aqueous electrolytes. Langmuir, 29(17):5150–
5159, 2013.
[84] LM Cosman, DA Knopf, and AK Bertram. N2O5 reactive uptake on
aqueous sulfuric acid solutions coated with branched and straightchain insoluble organic surfactants. The Journal of Physical Chemistry A,
112(11):2386–2396, 2008.
[85] K Ekelund, E Sparr, J Engblom, H Wennerstrom, and S Engstrom.
An AFM study of lipid monolayers. 1. Pressure-induced phase behavior of single and mixed fatty acids. Langmuir, 15(20):6946–6949, 1999.
[86] A Schaper, L Wolthaus, D Möbius, and TM Jovin. Surface morphology and stability of Langmuir-Blodgett mono-and multilayers of saturated fatty acids by scanning force microscopy. Langmuir, 9(8):2178–
2184, 1993.
[87] Rolf Myrvold and Finn Knut Hansen. Surface elasticity and viscosity from oscillating bubbles measured by automatic axisymmetric
drop shape analysis. Journal of colloid and interface science, 207(1):97–105,
1998.
[88] Dominique Langevin et al. Light scattering by liquid surfaces and complementary techniques. M. Dekker, 1992.
[89] Reinhard Miller and Libero Liggieri. Interfacial Rheology. CRC Press,
2011.
144

[90] SB Hall, MS Bermel, YT Ko, HJ Palmer, G Enhorning, and
RH Notter. Approximations in the measurement of surface tension
on the oscillating bubble surfactometer. Journal of Applied Physiology,
75(1):468–477, 1993.
[91] Nicolas J. Alvarez, Lynn M. Walker, and Shelley L. Anna. A Microtensiometer To Probe the Effect of Radius of Curvature on Surfactant Transport to a Spherical Interface. Langmuir, 26(16):13310–13319,
2010.
[92] M Van den Tempel and EH Lucassen-Reynders. Relaxation processes at fluid interfaces. Advances in Colloid and Interface Science, 18(34):281–301, 1983.
[93] Anthony P Kotula and Shelley L Anna. Insoluble layer deposition
and dilatational rheology at a microscale spherical cap interface. Soft
matter, 12(33):7038–7055, 2016.
[94] Joanna Giermanska-Kahn, Francisco Monroy, and Dominique
Langevin. Negative effective surface viscosities in insoluble fatty acid
monolayers: Effect of phase transitions on dilational viscoelasticity.
Physical Review E, 60(6):7163, 1999.
[95] BA Noskov and TU Zubkova. Dilational surface properties of insoluble monolayers. Journal of colloid and interface science, 170(1):1–7, 1995.
[96] PJ Winch and JC Earnshaw. A light scattering study of phase transitions in monolayers of n-pentadecanoic acid. Journal of Physics: Condensed Matter, 1(39):7187, 1989.
[97] Sverker Hard and Ronald D Neuman. Viscoelasticity of monomolecular films: a laser light-scattering study. Journal of colloid and interface
science, 120(1):15–29, 1987.
[98] Keiji Sakai and Kenshiro Takagi. Relaxation of two-dimensional
visco-elasticity in a long chain fatty acid monolayer expanded at the
air/water Interface. Japanese journal of applied physics, 31(10B):L1488,
1992.
[99] C Lemaire and D Langevin. Longitudinal surface waves at liquid
interfaces: measurement of monolayer viscoelasticity. Colloids and surfaces, 65(2-3):101–112, 1992.
[100] Peter S Pershan and Mark Schlossman. Liquid surfaces and interfaces:
synchrotron x-ray methods. Cambridge University Press, 2012.
145

[101] Binhua Lin, Mati Meron, Jeff Gebhardt, Tim Graber, Mark L
Schlossman, and P James Viccaro. The liquid surface/interface spectrometer at ChemMatCARS synchrotron facility at the Advanced
Photon Source. Physica B: Condensed Matter, 336(1-2):75–80, 2003.
[102] Mark L Schlossman, Dennis Synal, Yongmin Guan, Mati Meron,
Grace Shea-McCarthy, Zhengqing Huang, Anibal Acero, Scott M
Williams, Stuart A Rice, and P James Viccaro. A synchrotron x-ray
liquid surface spectrometer. Review of scientific instruments, 68(12):4372–
4384, 1997.
[103] Barbara Gzyl-Malcher, Maria Filek, Katarzyna Makyła, and
Maria Paluch. Differences in surface behaviour of galactolipoids
originating from different kind of wheat tissue cultivated in vitro.
Chemistry and physics of lipids, 155(1):24–30, 2008.
[104] Barbara Gzyl-Malcher, Maria Filek, and Katarzyna Makyła.
Langmuir monolayers of chloroplast membrane lipids. Thin Solid Films,
516(24):8844–8847, 2008.
[105] A Tazi, S Boussaad, and RM Leblanc. Atomic force microscopy
study of cytochrome f (Cyt f ) and mixed monogalactosyldiacylglycerol (MGDG)/Cyt f Langmuir–Blodgett films. Thin Solid Films, 353(12):233–238, 1999.
[106] Javier Hoyo, Ester Guaus, Juan Torrent-Burgués, and Fausto
Sanz. Electrochemistry of LB films of mixed MGDG: UQ on ITO.
Bioelectrochemistry, 104:26–34, 2015.
[107] Lyman G Parratt. Surface studies of solids by total reflection of
X-rays. Physical review, 95(2):359, 1954.
[108] Jure Cerar, Iztok Dogsa, Andrej Jamnik, and Matija Tomšič.
Physicochemical data on aqueous polymeric systems of methyl cellulose and lambda-and kappa-carrageenan: SAXS, rheological, densitometry, and sound velocity measurements. Data in brief, 15:427–438,
2017.
[109] Wei Bu, Hao Yu, Guangming Luo, Mrinal K Bera, Binyang Hou,
Adam W Schuman, Binhua Lin, Mati Meron, Ivan Kuzmenko,
Mark R Antonio, et al. Observation of a rare earth ion–extractant
complex arrested at the oil–water interface during solvent extraction.
The Journal of Physical Chemistry B, 118(36):10662–10674, 2014.
[110] C Li, J Miller, J Wang, SS Koley, and J Katz. Size distribution and
dispersion of droplets generated by impingement of breaking waves
on oil slicks. Journal of Geophysical Research: Oceans, 122(10):7938–7957,
2017.
146

